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- SUMMARY

Part A: GaAs Device Research

The concept of nonlinear optical decisionmaking is introduced (Section 1). The
properties of a nonlinear optical system depend on the strength or intensity of the
light incident upon it. Under special conditions. a nonlinezr system can exhibit a
“threshold characteristic. Consequently., an optical transistor can be made to perform
logic operations analogous to those of an electronic transistor.

The operation of zinc sulfide (ZnS) interference filters (IFs) is based on thermal,
nonlinear optical refraction. ZnS IFs are slow and power-hungry, but they op<rate
in the visible light range with many-watt argon lasers. These properties, we decided,
warranted their development. to enable us to perform optical signal processing
demonstrations (Part C: Sections 13-195).

Gallium arsenide (GaAs) etalons (Section 4) are particularly attractive for
application in nonlinear cptical systems. Nonlinear absorption spectra of bulk GaAs.
and of 299-, 152-, and 76-A GaAs/AlGaAs multiple-quantum-well (MQW) samples
are reported. Nonlinear index spectra are calculated by Kramers-Kronig
transformations of the absorption spectra. It is concluded that the principal nonlinear
refractive mechanisms for optical bistability in bulk GaAs etalons are band filling
and reduction of the Coulomb enhancement of continuum states. Exciton saturation
and bandgap renormalization occur at lower carrier densities, but their contributions
are of opposite sign and almost cancel. Exciton saturation nonlinearities dominate for
bistability in MQW samples with wells of < 100 A. Fabrication and testing of GaAs
etalons are reported in Section 4. with particular emphasis on uniformity. Molecular
beam epitaxy (MBE) seems to be the best method for fabricating reflectors of high
uniformity.

Several of the properties necessary for GaAs etalons to be used as all-optical
gates in a practical system are demonstrated:

1) Cascading of GaAs etalons used as logic gates (Section 5);

2) Differential gain, with a change in output 4 times greater than the change in

input, with good contrast between high and low states (Section 5);

3) Effective fan-in of signals to a GaAs. etalon (Section 8).

A theoretical analysis is included, which shows that differential gain is possible
only if the pulse lengths are greater than about 10 times the carrier lifetime in the

nonlinear optical material (Section 6). In bulk GaAs, the carrier lifetime is on the




order of 3 nanoseconds; the carrier lifetime must therefore be reduced to achieve
cascading of GaAs etalons on a picosecond time scale with single-wavelength
operation.

The dependence of differential gain in GaAs bistable etalons on the incident
angle of the switching beam is studied theoretically for the case of pulsed. single-
wavelength operation. Both dispersive and absorptive aspects of the etalon are
included. Simulations predict that differential-gain characteristics can be improved
significantly over the normal-incidence case by utilizing angular separation of the
pump and switching beams. The limitations of the plane-wave approximation and
the potential effect of beam walk-off are discussed.

Optical interconnections to etalons are addressed in Sections 8 through Il. A
fan-in of two signal beams and one holding beam to achieve AND-gate operation is
demonstrated, using bulk-optics polarization beam splitters (Section 8). In addition,
GaAs etalons can be used effectively with optical fibers by direct coupling, with no
intervening optics (Section 9). Fabrication and testing of holographic optical elements
(HOEs) are described in considerable detail in Section 10. A single HOE was made
to replace the combination of a computer-genereted hologram and lens in forming an
array of | x 8 spots; the HOE was used to switch bistability on a ZnS IF.
Preliminary results of an experiment designed to show that GaAs etalons may be
used with a HOE that produces an array of focused spots comprises Section 11.

Part B: Comparison of Devices for Optical Signal Processing

Here we take a critical look at device characteristics, using the Statement of
Work as a guide, and describing the progress achieved and the problems encountered.
The difficulty of cascading at high speeds was discovered under this contract; the
solution to this problem has not yet been found (Section 12).

Part C: Optical Signal Processing Using ZnS Interference Filters for
Nonlinear Decisionmaking

One-bit addition by symbolic substitution is demonstrated by implementation of
each of the optical channels required (Section 13). Simple patterns (V and )
consisting of three spots are recognized by dividing, shifting, and recombining beams
onto bistable ZnS interference filters.  This experiment demonstrates AND-gate
operation, cascading, and a moderate amount of parallelism, but a laser power of
several watts is required and response times are several milliseconds.

An associative memory for fingerprint identification has been constructed using

a VanderLugt correlator and an interference filter as a reflective thresholding device.
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All-optical compare-and-exchange is demonstrated in ZnS bistable optical devices.
The compare-and-exchange demoanstration utilizes polarization multiplexing and
filtering, and latching and bidirectional logic. The combination of 2-D arrays of
compare-and-exchange modules with optical perfect-shuffle interconnections could lead
to pipelined optical sorting networks that can process large numbers of high-
bandwidth signals in parallel. Optical sorting networks with these characteristics are
applicable in telecommunication switches, parallel processor interconnections. and
database machines.

Many materials exhibit a nonlinear change in the index of refraction, which
measures how fast an optical wavefront travels through a medium, and which
depends on the laser light intensity. Semiconductor materials have received the most
attention for application in etalons, because they interact with light in short distances
(1.1]. The semiconductors already studied include gallium arsenide (GaAs) and
gallium arsenide-aluminum gallium arsenide (GaAs-AlGaAs) multiple quantum wells
(MQWs) (Section 3), indium antimonide (InSb), indium arsenide (InAs), copper chloride
(CuCl), cadmium sulfide (CdS), and cadmium mercury telluride (CdHgTe). These
materials have very large nonlinear indices of refraction, attributable to electronic
mechanisms near the edge of their band-to-band absorption. The GaAs-based
devices (Section 4) are the most promising for application in optical signal processing
because: they operate at room temperature; they are very fast, e.g.. NOR-gate
response in | to 3 ps with < 100-ps recovery time; and they are compatible with
diode lasers.

Other materials exhibit thermally-induced changes in both their refractive index
and physical thickness. Inside an etalon structure, these effects can combine to
produce optical bistability. These materials include semiconductors such as GaAs,
zinc sulfide (ZnS), and zinc selenide (ZnSe), as well as color filters and liquid dyes.
Of particular interest are the ZnS and ZnSe materials (Section 2). Devices are made
from these materials in the form of conventional IFs, in which the semiconductor is
the spacer layer. Although much slower than the GaAs etalons, the IFs operate with
visible light and are more easily fabricated (if the spacer is polycrystalline). At
Heriot-Watt University, three nonlinear interference filters have been combined in a
lock-and-clock system, where information is advanced around the ring by an
electronic computer [1.14]. At the University of Arizona in Tucson, such filters
have been used as decisionmaking devices in one-bit addition by symbolic substitution

and in the recognition of particular patterns of three bright beams [1.15. 1.16]

iii




(Section 13); for fingerprint identification using a Van der Lugt correlator and an
interference filter as a reflective thresholding device [1.16] (Section 14); and in all-
optical compare-and-exchange operations using ZnS bistable optical devices [l.17)
(Section 195).
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A. ZnS INTERFERENCE FILTERS AND GaAs
ETALON DEVICE RESEARCH

1. INTRODUCTION: CONTROLLING LIGHT WITH LIGHT

1.1 Bistable Devices As Memories and Transistors

A system is said to be optically bistable if there are two stable output
intensities possible for the same input intensity [1.1]. Thus, in Fig. 1.la, the output
intensity, It. can have two values for any input holding intensity, Iy, lying above the
switch-down intensity, I, and below the switch-up intensity. I,. Such a bistable
system can be used as an optical memory element, but a continuous input beam of
intensity Iy must be maintained. One can observe the transmitted intensity. I, as
the input intensity, I;, is slowly increased from zero to well above the switch-up
intensity, and then decreased below the switch-down intensity; this maps out the
bistable hysteresis curve of It versus I;. as shown schematically in Fig. 1.1a and for
GaAs in Fig. 1.2 [1.3]. Such optical bistability in a passive nonlinear Fabry-Perot
interferometer was first observed in 1974 by H. M. Gibbs, S. L. McCall, and
T. N. C. Venkatesan at Bell Labs using sodium vapor inside a ll-.cm-long
interferometer [1.4].

The bistability hysteresis curve can be made very narrow or made to barely
disappear, yielding a region of very steep dependence of Ir upon I; (see Fig. I.1b).
In the latter case, the device operates as an all-optical transistor [1.4]). Over some
range of amplitude modulation of I; about its value lg for maximum gain. the device
linearly amplifies the modulation; i.e., a weak beam controls a more intense beam.
For a small change § in Ij, the device exhibits thresholding: for I; below Ig - 8 the
transmission is quite low.‘ and for I} above I, + & the transmission is high. A
threshold device can serve as an optical discriminator, optical limiter, or optical AND
gate. A bistable device can be operated as an AND gate between a holding beam Iy
less than I, - § and a switching beam such that the sum exceeds Ig + 8. Often the
switching beam is a pulse; if so, its duration must exceed the cavity and nonlinear
medium relaxation times if the steady-state characteristics shown in Figure 1.1 are to
be valid. The holding beam maintains the device in the lower state—the switch is
"off." When the switching beam is added. the transmitted intensity jumps to the
higher state, and the switch turns "on." [In the "off" state, very little light is
transmitted through the device; in the "on" state, light transmission is high. If there

are two input pulses, Iy can be set for either AND-gate or OR-gate operation.
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Figure 1.1 The output-input characteristic of a nonlinear etalon. In (a)
optical bistability is shown where there are stable transmission states
(high and low transmissions) between I, and [,. In (b), thresholding
occurs.

—b

Figure 1.2 Optical bistability at room temperature in a GaAs/AlGaAs
MQOW etalon.

1.2 Bistable Systems and Their Physics

Consider the examples of bistable systems shown in Fig. 1.3: a nonlinear
Fabry-Perot interferometer, a nonlinear ring cavity, and a hybrid bistable device. In
gereral, a Fabry-Perot interferometer consists of two mirrors aligned to maximize the
interference of multiple reflections between the two mirrors. The most promising
optical bistable devices, at present, are very thin, solid Fabry-Perot interferometers
called etalons. The optical pathlength of any sample is the physical length multiplied
by the refractive index of the material. If the optical pathlength of the etalon is
equal to an integral number of half wavelengths of the incident light, the etalon is in
resonance and highly transmits the incident light. But in a nonlinear etalon. the
resonance peak shifts as the light intensity changes. If the feedback into the

2




nonlinear material from the partially reflecting mirrors is high enough. the etalon can
exhibit optical bistability. This operation is achieved most easily when the laser is
detuned at low intensities by one resonance width from the Fabry-Perot resonance
peak. At sufficient intensities, the nonlinear optical pathlength shifts the peak into
resonance and slightly beyond--in a positive-feedback runaway manner. The
intensity inside an on-resonance etalon is higher than that outside because of its
storage property. Therefore, it is not surprising that once the etalon is in resonance,
it can be maintained in resonance with less input than was required to shift it into

resonance; this is. the origin of the bistability hysteresis.
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Figure 1.3 (a) Nonlinear Fabry-Perot etalon consisting of solid material
with parallel surfaces with coatings of reflectivity R. (b) Nonlinear ring
cavity consisting of three or four mirrors so the light propagates in only
one direction in the nonlinear medium. (c) Hybrid bistable device in
which the nonlinearity involves conversion of the transmitted intensity to an
electrical signal, which is amplified and fed back to the electro-optic
crystal, changing the light transmitted through the crossed polarizers LP.
The feedback delay, tg, is kept to a minimum in bistability experiments,
but it is made longer than the system response time for delayed-feedback
optical chaos experiments.

In a Fabry-Perot interferometer, the forward and backward fields interfere to
form a standing wave with a spatial period of half a wavelength of the light in the
material. Sometimes free motion or diffusion averages out the effects of this rapid
variation on the polarization, so that it can be neglected. However, theorists prefer

to eliminate the standing wave altogether, by using a nonlinear ring cavity (refer to




Fig. 1.3b), in which the light propagates through the medium in only one
direction [1.5]. Kimble and co-workers at the University of Texas saw bistability in
such a system in 1983 [1.6]. It is the physical system most often studied
numerically.

Peter Smith and E. H. Turner at Bell Labs realized in 1977 that the nonlinear
material in a nonlinear Fabry-Perot interferometer could be replaced by an artificial
nonlinearity [1.7]. The intra-cavity index was made intensity dependent by detecting
Iy. amplifying the detector’s output voltage, and applying the resulting intensity-
dependent high voltage to an intra-cavity electro-optic crystal. Garmire, et al.
realized that a cavity is not essential for bistability and demonstrated hybrid
bistability using an electro-optic crystal between crossed polarizers (see Fig. 1.3c)
[1.8]. This device has been particularly useful in fundamental studies of critical
slowing and instabilities because it is truly a plane-wave device. That is, the phase
shift is the same across the entire Gaussian transverse profile of the laser beam. In
an all-optical device, the pathlength change is determined by the local light intensity
(unless rapid diffusion or conduction averages out this effect). David Miller, et al.
are developing self electro-optic effect devices (SEEDs), based on the increase of
optical absorption of a GaAs-AlGaAs MQW structure with application of an electric
field perpendicular to its surface [1.9]. SEEDs are slower but require less power
than all-optical devices. Arrays of SEEDs are being developed as spatial light
modulators and for hybrid optical computing [1.10].

1.3 Two-Wavelength Gate Operation

The AND-gate and OR-gate operations of the nonlinear etalon described above
use inputs at a single wavelength. All of the gate operations can be performed using
input pulses at one highly absorbing wavelength, to maximize the shift in Fabry-Perot
peak for a probe (output) pulse at a second wavelength (see Fig. 1.4) [1.11]. Various
logic gates such as AND, OR, and NOR have been demonstrated in GaAs etalons, as
exhibited in Fig. 1.5 [1.12]. A GaAs optical-logic NOR gate has been operated at a
100-MHz rate with a few picojoules switching energy per pulse. The answer to the
NOR-gate question is obtained in a few picoseconds and can be on its way to the
next gate long before the first gate is ready to be used again. A recovery time as
short as 50 ps was demonstrated (corresponding to 5 billion operations per second) in
1986 by Jewell, Lee, et al. at Bell Labs, but heating effects may limit the rate to |
billion operations per second or less {1.13]. This type of logic-gate operation is the
most efficient, but it has the disadvantage that the input and output signals have
different wavelengths, complicating the design of a system with sequential logic
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operations. Less efficient single-wavelength bistable or .transistor operation of a

nonlinear etalon is possible, as described earlier in this section.

FrOSE AT

INITIAL DETUNING
OF THE PROBE

Figure 1.4 Use of a nonlinear etalon to perform AND and NOR logic
operations. The two logic inputs are at a wavelength that is absorbed
well by the medium, so they are very efficient in changing the refractive
index and shifting the Fabry-Perot peak transmission. The curve labeled
0 is the probe's transmission as a function of frequency if no input pulses
are present. Its transmission is high at a frequency labeled 0 and falls
to one-half of its peak value at a frequency labeled 1/2. [f only one
input is present, the probe's transmission shifts to the dashed curve
labeled 1. If both inputs are present it shifts to 2. The probe pulse
follows just after the inputs. [Its transmission can be high or low,
depending upon its frequency and the number of inputs that precede it.
If its transmission is high, the answer is 1, or TRUE; inversely, if its
transmission is low, the logic output is 0, or FALSE. For example, to
achieve an AND gate, the probe pulse has frequency labeled "AND." If
either or both inputs are missing, the answer is FALSE (low probe
transmission). But if both inputs are present, the answer is TRUE (high
probe transmission). For a NOR gate, the probe frequency is set at
"NOR." Its transmission is high with no inputs, but low with either or
both inputs. All the gates can be achieved with appropriate probe
frequency; see inset table.




Figure 1.5 Optical logic gate operation. Left: computer simulations of
the transmission & of a cw probe as a function of time, with one input
occurring at time 4 and two inputs occurring at time 8. Use of a cw
probe permits observation of the recovery of the gate as well. Right: cw
probe transmission showing gate operations using a GaAs/AlGaAs MQW
etalon. The straight-line trace in each photograph shows the zero-
transmission level of the etalon (probe blocked). The inputs (at = 0 ns
and = ]4 ns) are shown as the bottom trace in the AND photograph.

1.4 Nonlinear Materials for Practical Bistable Devices
Although the basic principle of an optical transistor has been understood for a

couple of decades, it was not until the late 1970s that huge optical nonlinearities
were discovered in indium antimonide (InSb) at 77 K by S. D. Smith, D. A. B.
Miller, et al. at Heriot-Watt University in Edinburgh, and in GaAs between 4 K and
120 K by H. M. Gibbs, S. L. McCall., A. C. Gossard, et al. at Bell Labs [l.1].
was [982 before low-power, room-temperature bistability was seen in GaAs (see
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Figure 1.2). Researchers continue to search for materials with large nonlinearities
and low linear losses at room temperature.

Many materials exhibit a nonlinear change in refractive index; i.e., the index of
refraction, which measures how fast an optical wavefront travels through a medium,
and which depends on the laser light intensity. Semiconductor materials have
received the most attention for etalon applications because they interact with light in
short distances [1.1]. The semiconductors already studied include GaAs, and gallium
arsenide-aluminum gallium arsenide (GaAs-AlGaAs) MQWs (Section 3), InSb, indium
arsenide (InAs), copper chloride (CuCl), cadmium sulfide (CdS), and cadmium mercury
telluride (CdHgTe). These materials have very large nonlinear indices of refraction
attributable to electronic mechanisms near the edge of their band-to-band absorption.
The GaAs-based devices (Section 4) are the most promising for applications: they
operate at room temperature; they are very fast, e.g., NOR-gate response in | to 3 ps
with < 100-ps recovery time; and they are cbmpatible with diode lasers.

Other materials exhibit thermally induced changes in both.their refractive index
and physical thickness. Inside an etalon structure, the effects can combine to
produce optical bistability. These materials include semiconductors such as GaAs,
zinc sulfide (ZnS), and zinc selenide (ZnSe), as well as color filters and liquid dyes.
Of particular interest are the ZaS and ZnSe materials (Section 2). Devices are made
from these materials in the form of conventional interference filters, in which the
semiconductor is the spacer layer of the filters. Although much slower than the
GaAs etalons, the interference filters operate with visible light and are more easily
fabricated (if the spacer is polycrystalline). At Heriot-Watt University, three
nonlinear interference filters have been combined in a lock-and-clock system. where
information is advanced around the ring by an electronic computer [1.14]. At the
University of Arizona in Tucson, such filters have been used as the decisionmaking
devices in one-bit addition by symbolic substitution and in the recognition of
particular patterns of three bright beams (Section 13), [1.15, 1.16]; for fingerprint
identification using a Van der Lugt correlator and an interference filter as a
reflective thresholding device (Section 14), [1.16]; and all-optical compare-and-
exchange operations using ZnS bistable optical devices (Section 15), [1.17].




2. ZnS INTERFERENCE FILTERS AS ALL-OPTICAL LOGIC GATES [2.1]

2.1 Introduction

The use of optical bistable devices in optical computing is envisioned in direct
analogy with the use of transistors in electronic counterparts. Many II-V and II-VI
semiconductors have been investigated as potential candidates for an optical transistor
since large optical nonlinearities in the vicinity of band edges can be achieved. In a
ZnS etalon, laser-induced heating shifts the absorption band edge to the longer
wavelength. By Kramers-Kronig technique, one can show that this produces
refractive index changes large enough to shift the transmission peak of the etalon:
therefore, optical bistability is obtained as described in Section 1. Although this
an/dT thermal process gives ZnS devices switch on/off times typically in the 10 us-1
ms range, which is quite slow compared with GaAs devices, the fabrication of ZnS
devices involves common, easy-to-access evaporation  equipment rather than relatively
expensive molecular beam epitaxy (MBE) facilities. This is particularly convenient in
making devices for optical computing demonstrations. In this section, dispersive
optical bistability and the graphical method of its solutions are briefly reviewed.
Linear and nonlinear considerations in the design of ZnS interference filters (IFs), in
terms of peak transmission, full-width-half-maximum (FWHM), switching power,
detuning. etc. are presented. Finally, experimental data obtained from the linear and
nonlinear measurements are compared with the design work.

2.2 Theoretical Basis

Assume a Fabry-Perot cavity is filled with a nonlinear material and the input
and output mirrors have the identical intensity reflectance R. The two mirrors are
assumed to be linear and lossless, so that R = 1-g .. After the nth round trip. the
electric field just inside the input mirror of the Fabry-Perot cavity (z = 0 in Fig. 2.1)
by mean-field theory can be written as

En+l (O) - En (O)C(ik'a)z’ R+E[ v g‘m . (2 ”




For steaqu state, let E,,;(0) = E (0) = E,p: then we have

El v, m
Ep = {Rewont (22)
and
VT E.. elik-o}t o
.E.T_ . mEsp - T elik-o)t 2.3)
EI E; 1-Reflik-0)2!

where ! is the length of the cavity, k is the propagation constant and o = o +io; is
the complex-field absorption coefficient. Here the conventional intensity absorption
coefficient a is related to ¢ by a = 20,. For two-level atoms, both the real part o,
and the imaginary part o; depend on the applied intensity and detuning [2.2]). For a
complete review of the models of optical bistability, see Gibbs [2.3].

input output
mirror mirror

T
Y

nonlinear medium

Figure 2.1 Lossless nonlinear Fabry-Perot cavity. Ej: input field;
E sp’ mean cavity field; Ey: transmitted field.

In general, absorptive optical bistability is difficult to observe and to use, while
dispersive optical bistability has been observed in many materials and gives greater

promise for application. Therefore, discuss{on here is limited to the dispersive case.




For example, in a Kerr medium or a system of two-level atoms with detuning far
from resonance, one effectively has purely dispersive bistability in which o, = 0.
From Eq. (2.3).

Ip _|Ef[2 . 952 | ! , 2.4)
W IE? o [IRe#2 4R oo [E]
T 2
B - (k-a,)2!
= Bo+B, 11 (in Kerr medium), 2.5)

where 8 is the round-trip phase shift, and B, contains all non-intensity-dependent
phase shifts, including initial detuning and the phase change at interfaces as light
propagates through the Fabry-Perot cavity. From Eq. (2.5), the transmission can also
be expressed as

©>

I
Iy

% . 2.6)

A plot of I¢/l} versus Iy with certain values of 8 is given in Fig. 2.2 and the
corresponding plot of It versus I; is shown in Fig. 2.3. The graphical approach,
giving possible solutions of the transmitted intensity for a given input intensity, is
described briefly as follows [2.4]. The straight lines in Fig. 2.2 represent various
values of I;, and as indicated by Eq. (2.6), the steeper a line’s slope the lower the
input intensity. The intersection points between these straight lines and the Airy-
function curve are used to generate the Ip versus l; plot in Fig. 2.3. Bistability
occurs where the straight line has three intersections. The upper branch of a
bistable loop in Fig. 2.3 corresponds to the negative-slope side of the Airy-function
curve in Fig. 2.2, while the unstable state shown in dashed line in Fig. 2.3
corresponds to the positive-slope side of the Airy-function curve. The instability
means that a small change in the input field E; will cause the output to evolve to
either the upper or the lower stable branch.

If | B| <<1, e.g.. in the vicinity of a transmission peak, Eq. (2.4) then gives

It & L . 2.7)

I R
L g—mz‘BO‘“Bz I1)?
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Figure 2.2 The curve is a plot of the Fabry-Perot transmission, Eq.
(2.4), vs. the phase shift B. The straight lines represent different input
intensities I] (see text). Line AyBy for switch-up and A, B, for switch-
down; line CC' for critical switching.

For bistability to occur. one requires t};lat ﬂ‘- > 0. At the onset of bistability and

dlp
at the inflection point, :—lll- = 0 and :—[lli = (, respectively. Thus, by Eq. (2.7) one
T T

finds a quadratic equation of B;I; which has two roots:

Byly = —g2t —L —— for 91 . o, (2.8a)
38, T diy
3"*0"—:{““ |
d?l
Baly = (<2/3)8g for El‘l' = 0. (2.8b)
T

Consequently, conditions of the occurrence of bistability are derived by requiring that

the argument in the square root be real (2.8a) and an intensity be positive (2.8b).
We have

I




Output Intensity (A.U.)

Input Intensity (A.U.)

Figure 2.3 Bistable loops. [I,: critical input intensity for the onset of
bistability.

: 3 V3rn V3
() IBOI)J;-_-?',,. = Z = 3 Oi/2phase * B1p2phase

(i) sign(Bo) = - sign(B;) @9
/R
where & = R is the cavity finesse and A, phese @ FWHM o = 20/F.  The

first condition indicates that the initial detuning should be larger than one FWHM of
the Fabry-Perot cavity to obtain optical bistability. A numerical example is given: if
R = 0.9, then & & 30 and Ay e = 0.21. Referring to Eq. (2.9) and Eq. (2.8b),
the higher the finesse, the smaller the initial detuning is required; the smaller the
nonlinearity B8,. the larger I; must be.

At a certain detuning f,,. corresponding to the maximum input power that can
be applied to the etalon, the switch-up or switch-down intensity is determined from
the intersections of the Airy-function curve and line A;B, or A B,. respectively.
The difference between two slopes of these two lines determines the range of input
intensity, i.e.. the width of a bistable loop. for which a nonlinear etalon has two
stable outputs. One criterion in determining the performance of a nonlinear etalon is

the critical input intensity for the onset of bistability I.. It is defined as the
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minimum incident intensity below which bistability cannot be observed. regardless of
the initial detuning By [2.5]. This is shown by a line CC’ in Fig. 2.2, which has the
slope equal to the maximum gradient of the Airy-function curve. The line CC’
meets the x-axis at a point which is separated from the point corresponding to the
peak transmission by an amount B;.. referred to as the critical initial detuning.
More discussions about the critical input intensity and the critical detuning will be in
the next subsection. Multistability can occur if line A,B, intersects more than one
transmission peak.

Resonance enhancement in a narrow-band I[F provides the electric field
necessary to observe nonlinear effects of optical materials. In GaAs or InSb, this
enhancement causes an electronic nonlinearity which leads to fast and low-power-
consumption devices, see Section 4. In ZnS or ZnSe, the enhancement causes a
thermal nonlinearity. Karpushko, et al. [2.6-2.8] were the first observers of optical
bistability in thin-film etalons and attributed the mechanism to two-photon
i)hotorefraction. Later, Olbright, et al. [2.9] indicated that a one-photon thermal
mechanism is responsible for the optical bistability in ZnS or ZnSe IFs, evidenced by:
the lack of strong excitonic peaks in the spectrum of ZnS material at room
temperature; the positive sign of nonlinear index change; and the time scale of
thermal switching. The abdsorption properties of the ZnS or ZnSe cavity cause
heating which shifts the absorption edge to longer wavelength and the induced
temperature increase AT is proportional to the input intensity. Heating has the effect
of changing the optical path length of a cavity.

AOPL _ A(mf) _ fAn, nAt
TAT " aT " Attar: 2.10)

where n = ng+n,l Because 1An/AT >> AY/AT (fAn/AT = 104 #m/C’  apd
nAf/AT = 10-6 sm/C’ for bulk ZnS at \ = 514.5 nm),
AOPL/AT & fAn = (ng+n,1)/AT. This intensity-dependent phase change can tune the
transmission peak of a nonlinear etalon from off-resonance onto resonance, switching
the etalon from low to high transmission.

2.3 Design Considerations

In general. a narrow-band IF consists of a spacer layer surrounded by quarter-
wave stacks as high-reflection mirrors. all deposited on a substrate. This structure
can be represented by a formula: G|(HL)p mHH) QLHP|glG, where H and L

represent a quarter-wave layer of High/Low refractive index material respectively, m
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is the order of the spacer, p is the order of the high-reflectance mirrors, g is an
optical glue and G is the glass for cover and substrate. In our experiments. ZnS or
ZnSe is chosen for H. cryolite (Na,AlF,) for L. and a 50x50x] mm?® Kodak Slide cover
glass (n = 1.52) for G. The total physical thickness of the multilayer structure
typically is = 1-2 um.

The technique of thermal vapor deposition has been employed to make all of
the IFs in the Optical Coating Laboratory of the Optical Sciences Center using an
Edwards box coater at a vacuum of = 6x10-® Torr. Optical glues are applied to
protect the IFs. The reasons are as follows. A deposited film can be observed by
electron microscopy to show the columnar structure, instead of the solid planar
structure [2.10]. Voids between columns cause an inhomogeneous broadening and an
exponential extension (Urbach tail) of the band edge toward lower energies. giving
absorption in the band-tail spectral region considerably higher than that in the
corresponding bulk materials. Therefore. absorption of moisture (n 2 1.3) into the
previously evacuated voids causes a drift of an IF's peak wavelength towards longer
wavelengths as the refractive index increases. Moreover, chemical reactions of the
adsorbed water with the film‘’s material are suspected to further degrade the
performance of an IF to the extent that sometimes the nonlinearity can not even be
observed for an unprotected IF at the IF’'s design wavelength. Therefore. to prevent
moisture penetration and drift, Norland 61 UV-curing cement is used for sealing
purposes. '

There are two aspects regarding thin-film properties that need to be mentioned
before discussing design considerations of the nonlinear IFs.

(i) Thin films have different characteristics from the bulk counterparts such as a
reduced refractive index, lower thermal conductivity, broader band edge. which make
it difficult to accurately know the value of a refractive index and an absorption
coefficient of the material in a film. So the well-tabulated data of bulk materials
can only be used as informative references.

(ii) Different manufacturing conditions, e.g., residuals in the vacuum or an
impurity in the material to be deposited. can alter the residual absorption and
scattering at film interfaces, which may affect an [F's performance. Therefore, the
finesse of an etalon is not necessarily improved as the reflectance of mirrors
increases because of the additional losses.

Although thin-film structures do contribute these complications, the resuits

obtained from the design work will be instructive in the sense that they can be used
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reasonably well as guidelines for the experimental work. However, sometimes
quantitative predictions might not exactly match the experimental data and further
discussion is needed.

The design considerations are based on the requirements of optical switches
such as power consumption. fan-out, contrast, speed, etc. For ZnS IFs, the design
includes both the linear and the nonlinear parts. Uniformity of peak transmission.
peak wavelength and FWHM over a large area on a ZnS IF can be regarded a: the
design goal of the linear part while low switching power and fast switching time are
the goals of the nonlinear part. There are certainly some tradeoffs among design
considerations of both the linear and the nonlinear part, which will be discussed in
the following sections. Additionally, a filter requires perpendicular operation,
particularly in massive parallel computation, to prevent different spot sizes on a ZnS
IF under different focusing conditions. This requires that the peak wavelength of a
ZnS IF be shorter than the wavelength of a source, as can be realized by using an
oblique monitoring beam of the same laser in the deposition process.

One important linear device characteristic for parallel processing is uniformity,
which depends on the coating geometry and the monitoring technique. Macleod
shows that the thickness of deposit on the substrate decreases monotonically with the
distance away from the line connecting a point source and the center of a flat plane
substrate [2.11]. This indicates that the peak wavelength measured near the edge of
an IF will be inherently shorter than that at the center. To improve the uniformity,
the method of rotating a substrate during deposition has been proven successful
because different positions on the substrate will see an equal average growth rate
during the deposition. Thickness control in the process of thin-film deposition is
vital to the performance of an IF. An optical monitoring technique is used to detect
the transmittance of the depositing film, which generally exhibits a turning point for
each quarter-wave optical thickness. This technique has the advantage that the
calibration of an optical system is not necessary as it is in the quartz-crystal method;
however, the optical system requires a same-wavelength light source. In addition, an
operator must be experienced at determining when the exact turning point is reached
and know when to terminate the layer.

Variations in the thickness of thin-film layers, often encountered in real
deposition, will affect the peak wavelength of a ZnS IF. For example. a thicker
spacer will shift the peak wavelength to the longer side and vice versa because of
the 2nfcosf = m\ relationship. If one bears this in mind. a thickness error in a
layer, e.g.. overshoot, can be compensated for by adjusting the thickness of the next

layer. The sensitivity of the peak wavelength to variations in the thickness of a
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layer can be simulated by a program developed by Macleod. It is concluded that.
first., deviations in thickness occurring at mirror layers close to the spacer will have
a greater effect than those farther from the spacer; second. a deviation in the spacer
will have a greater effect than one in the mirrors. In addition, the program can also
include absorption in each layer. Calculations of different peak transmissions and
FWHMs due to different combinations of spacer thickness and mirror reflectance
have been performed, and the results are summarized in Table 2.1. The ZaS IFs are
designed using previously published values for necessary constants, e.g., at
A = 5145 nm, n = 2.419, o = 130 cm-! for ZnS, n & 1.35, @ = 0 cm-! for cryolite
[2.9, 2.12]). In the calculation, two cases are compared when the absorption is taken
into account: absorption is included in all H layers, and absorption is included only
in the spacer layers. The former case is calculated by the program mentioned above;
the latter case can be expressed as follows for peak transmission and FWHM.

g S l_R!z e’Q!

pelk.s - (l-Re"")z . (2.[ l)

.M 1-Red
FWHM, - —L- — 2.12)

where m is the order of the Fabry-Perot transmission curve and is equal to the order
of the spacer. p is the phase change factor = 1-1.5 with ZnS and cryolite as the
material [2.13]), and R is the reflectance of a mirror stack which will be discussed
later. The conclusions are that (i) the spacer thickness of a ZnS IF determines its
peak wavelength and has a weak influence on the FWHM, as expected; (ii) the
reflectance of the dielectric mirrors strongly affects the peak transmittance and
FWHM,; (iii) absorption in all layers does change the peak transmission and FWHM,
as indicated in Table 2.1.

Observation of optical bistability often requires a focused light beam to obtain
enough intensity. The effect of the incident cone of light on the Fabry-Perot can be
summarized as follows [2.14].

A
AN = \y-\g = ——Opesk (2.13)
xo XO 8'(!1!.1-'1‘7/#)z
ANg)? = (A)\o)2 + (AN)? (2.14)
AN AN
- =20 -1 AA
and I = 9o N ANy (2.15)




Table 2.1 Calculated peak transmissions and FWHMs of ZnS IFs versus the
number of spacer layers and mirror layers.*

p=3 p=4 p=3

To A 90.03% 72.71% 41.40%
(HLP2HLHP YUY G o S
FWHM
S 121-152 A 38-48 A 13-16 A
T A 84.03% 59.94% 26.68%
Lo S+ ) G &
FWHM
S 87-102 A 28-33 A 10-11 A
Toe A 78.60% 50.26% 13.72%
A,
HLP6HLHP S ax T % SO
FWHM
S 69-77 A 22-25 A 8-9 A
o A 73.68% 42.75% XXXXX
pea S 94.14% 82.92% XXXXX
(HL)» 8H(LH)? FWHM A 30 A 10 A XXXXX
S 56-62 A 19-21 A XXXXX
To A 69.21% XXXXX XXXXX
pea S 92.76% XXXXX XXXXX
(HL)® 12H(LH)? Fwim A 24A XXXXX XXXXX
S 48-52 A XXXXX XXXXX

*A: Linear absorption is included in all H layers.
S: Linear absorption is included only in the spacer
layers (see discussion in text).

XXXXX: Impractical region.
where ng* = Vnyng is the effective index of a high-index spacer material; Adg, A)g
are FWHMs of the filter at normal incidence and at an angle 8 with respect to
normal; ¥y, 9, are peak transmission at normal and at 6. A numerical example is
given: assume F/# = 5, ANy = 1.5 nm; then we have ny* 2 1.807, A\y = 1.69 nm,
and Fy = 0.921F, at Agpi = 514.5 nm. Note that a tighter focusing of incident
light will result in a broader FWHM, a reduced transmission, and a shift of peak
wavelength towards longer wavelength, which in turn will require more detuning in
the nonlinear operation of a ZnS IF. '

The optimization of switching characteristics for a bistable IF has been studied

by several researchers. See D. A. B. Miller [2.5] for an insightful foundation for

17




discussion. Wherrett {2.15] for a discussion of reflection bistable devices, and
Wherrett, Hutchings, and Russell [2.16] for a detailed exploration of the topic. Most
of their research was done on ZnSe material because it has a large absorption
coefficient, and directed at reflection bistable devices because the analysis shows that
the switching power is smaller for any of if the output mirror becomes more and
more reflective. Researchers, however, tend to be more familiar with the use of
transmission light than with a reflection beam for cascading, because of the
corresponding ease in operation. In addition, cascading with a reflection beam is
inconvenient, because the reflection light intensity is low when the device is switched
on. The nonlinear design considerations discussed hereafter are based on the
theoretical structures mentioned above, but will concentrate on ZnS IFs with
reasonably high transmission and low power. ZnSe IFs are mentioned only for the
purpose of comparison.

As the number of (HL) stacks for high-reflectance mirrors increases, the mirrors
can be assumed to be lossless. For example, mirrors of stacks H(HL)2 and stacks
HHL)® have R = 0.8151 and R = 0.9927, respectively, if no loss is included in the
calculation. If the absorption is taken into account (af = 3.2x10-3 for a single H-
layer), R = 0.7816 and R = 0.9901. As will be seen later, these values suggest that
a consideration of the nonlinear material H in the mirror stacks affects the switching
intensity only marginally. Therefore, under the assumption of no loss, the reflectance

R of a mirror having structure HHL)P| G, pqirae €20 be expressed as

. Lg% - n,-n %9)2 (2.16)
| (g% + 0,0 20)2
Further assumptions are: (i) the system exhibits plane-wave operation: (ii) both
mirrors have identical reflectance; (iii) linear absorption is considered only in the
spacer layers; (iv) the beam spot diameter (= 20 um) is greater than the spacer
thickness (¥ 2-3 \); and (v) for simplicity. temperature is uniform throughout the
multilayers.

Referring to Eq. (2.10). the nonlinear phase change of thermal origin is
dominated by the spacer refractive-index change,

on
An = [ﬁ]AT . 2.7

and from Wherrett, et al. [2.16] and Marburger, et al. [2.14]
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AT = 35:'—0’- 2.18)
t
(1-e-at)(1+R-at)
lsp - 119()\) a!(l-R)e'Q' (2193)
-pon PR i atea (2.19b)
and
g0 = (=RPes 1 . (2.20)

(1-Re-2!)2 [ 4F-sin2 (Bdlgp))

where AT is the temperature increase; lsp is the mean cavity intensity and is greatest
in the spacer layer; JT)\) is the transmission of a ZnS IF with linear absorption in
the spacer layers being considered; F = 4Re-!/(1-Re-2!)2: « is the linear absorption
coefficient of the spacer material; ry is the radius of a spot on the filter; and «, is
the substrate thermal conductivity. The maximum temperature increase (AT)

max
occurs when the ZnS IF is on resonance, i.e., Eq. (2.20) becomes Eq. (2-11). Thus,

—ae-a! -aly(]-
Ay = Pr  (1-e-2!)1+Re-!)(1-R)

n MR 2.21a)
- Pt 14R if ol << 1. 2.21b)
kgnrg 1-R

Assuming an input power of 20 mW, R = 0.9444, «, = 0.01 W/cm'K®, and
! = 0.1-0.7 pm, we have A(TNp,, = 10-80 C° for ry = 25 pm and A(T) . = 60-400
C° for rp = 5 um. Note the temperature increase A(Mpax scales linearly with
absorption coefficient a; therefore, thermal load will be larger in the ZnSe case if
other conditions are the same.

At normal incidence the critical input intensity I, ., the critical initial

detuning By, and the critical input power P, can be expressed as follows [2.5, 2.16].

- o~ Aok f(R.af)
e = 3pp, (Rl = 2n(an/a’1-)_ro[ of ] : 2.22)
V2 V3F+2-s
foe = 7 Areike + 2sin-! (2.23a)
[(Fs2-Fs22-2k2]' /2 2F
= [%]"2 - v3 LRe® in ihe high-finesse limit,  (2.23b)
vRe

and




2(0n/3T)| o
where f is a cavity factor defined as
V2 (1-R-et)2 (3(F+2)-s)

T6 (I-RX1+Ret)1-e!) 2
[(F+2)s-(F+2)2-2F2 ]

P, = mrg2l, = "““Aﬂ?—[@'a’)] : (2.24)

f(Rf) = (2.25)

and s = [3F+22-8F]'/2.

For a tilt angle @ in the spacer, ! is to be replaced by f/cosf in all expressions
and the mirror reflectance R calculated for that angle. From Eq. (2.25), the
minimum critical input power scales linearly with wavelength, thermal conductivity of
a substrate, spot size, and absorption coefficient, but scales inversely with (3n/3T).
The use of tight focusing (with a corresponding small spot size) and a low-thermal-
conductivity -bstrate for the reduction of the power level have been proved
effective experimentally. It is switching power rather than switching intensity that
puts constraints on optical computing because there is limited power available from a
laser and because one must remove the heat dissipated in the active device area.
The critical input power of a ZnS IF. therefore. should be designed to be the
minimum. This requirement implies that the following two conditions should be
satisfied:

(i) The normalized cavity factor f(R. af)/a? should be minimized. For given
coatings, there is an optimum value of of for a minimum f/afl. Referring to
Eq. (2.25), it can be shown that in the high-finesse limit the minimum f/af occurs
when af = 2(1-R) and f/af = 2.6 as depicted in Fig. 2.4. The minimum f/af values
are independent of R, i.e., the addition of more layers in high-reflectance mirrors
will not further reduce the critical input power. It is evident from Fig. 2.4 that
higher-reflectance stacks should be used to help reduce the experimental switching
power. However, because a is small in the ZnS IF case, for the minimum f/oaf to
occur a long cavity length ! is usually required, even when high-reflectance mirrors
are used. For example, to obtain a2 minimum f/a! for the mirror stacks of order
p = 5, a spacer thickness order m = 26 is required; this requirement is impractical
in terms of optical transmission and real fabrication. Therefore, an attempt to reduce
the spacer thickness by increasing the reflectance R is only marginally effective in a
ZnS IF. In contrast, in a ZnSe IF, where o is larger, a spacer with thickness order
m = 4 and mirror stacks of order p = 5 can be designed for ZnSe IFs (in which
H:ZnSe n = 2.722 and a 2= 600 cm-!; L:ThF, n 2 1.515 and « = 0 cm-!, all referred

at A = 514.5 nm, are assumed) to obtain the minimum f/af. However, this design is
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good only for reflection devices, because the ZnSe IFs with the optimization design in
switching power will result in low transmission. This finding is supported by almost
all ZnSe IFs reported so far in optical computing. Figure 2.5 shows the cavity factor
f versus the number of spacer layers for various mirror stacks of order p, revealing
that a mirror stack with a higher p will have a lower corresponding cavity factor f.
and thus a tendency for a lower switching power. This result can be explained as
follows. Mirrors having more (HL) stacks should have larger fields in the cavity;
there is more absorption in the cavity, therefore, and less switching power is needed.

(ii) The material factor «/(3n/3T) should be maximized. Near the band edge the
nonlinear index is the sum of the temperature dependence of the edge itself and a
background thermo-optic coefficient:

a—“ gr"* [3“] (2.26)

o
The analysis by Wherrett, et al. [2.16] indicates that in ZnSe material. under
optimum cavity conditions, a large reduction in P, near the band edge may not be
obtained in practice, because o/(dn/3T) does not decrease at the edge. However, thé
optimization of the operating wavelength strongly depends on the precise form of the
band edge, absorption values, and their temperature dependences. These data are not
available in the litersture, so a detailed experimental study is called for. The same
is true for the ZnS case. The absorption change of a ZnS IF under different
intensities (or under different temperatures) should be measured, e.g., by the method

of probe-and-pump experiments [2.17] with an appropriate pump source, followed by
an

application of a Kramers-Kronig transformation to obtain 5T

+= and deduction of the
temperature increase AT in the spacer.

In brief, the ZnS IF design should first optimize the operating wavelength which
depends on the availability of intense laser lines; this determines the absorption
coefficient. Choice of the number of layers for high-reflectance mirrors then
determines the spacer thickness that should be used; therefore a close thickness match
in units of quarter-wavelengths between the mirror layers and the spacer layers
should be chosen for the best results. However, we should note there is a tradeoff
between low power consumption and high fan-out, because low power consumption
requires a significant amount of absorption. while high fan-out requires a large
transmission (i.e., low absorption). Similarly, a high contrast can be obtained only at

the expense of high power consumption, as can be seen in Fig. 2.2. A good contrast

21




15

flat
ﬂ
(4}

0 -4‘ . lu—3 l-2L " 1-1‘ B lO ™
10 10 10 10 10
al
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Figure 2.5 Cavity factor [ vs numbers of spacer layers; p is the mirror
stack order.

22




is obtained when the line A;B; is close to the line A;B;, where the bistable loop
width becomes narrow.

We then consider the switch-up and switch-down times for a ZnS IF. Assume
the cavity of an isolated spot in a ZnS IF initially is off resonance and is switched
on resonance by switching on a mean incident power P;. Heat conduction is
assumed to be negligible. Switch-up time (r;) can be expressed. from thermal
equilibrium, as follows.

PpC, V(AN max
Ty = —-E——ﬂ—-pl Y (2.27a)
pCDrolza 1+R
- ALK, TR (2.27b)

where p is the density (5.3 g/cm® for ZnS); C, is the specific heat (0.339 J/g-C%; V
is the volume of material being irradiated (V = mry2? for a cylindrical volume); P; is
the incident power; and A; the effective fraction of incident power being absorbed.
Assume A; = 0.25; then we have P;r, = 106-10-8 J for a beam spot size of 20 ym
and Py7, =2 10-7-10-J for 10 pm. These values are the physical limits on the
switching energy in ZnS IFs. Correspondingly, if P; = 20 mW, then the physical
limits of switching time are 7, = 400 ns-16 us for a beam spot size (= 2ry) of 20 um
and 7, = 200 ns-8 pus for 10 pum. These values indicate that a thermal process is not
necessarily slow if enough heat sink and adequate isolation of each spot are
provided.

Heat conduction is the physical mechanism that determines the switch-down time
(r;) of a thermally bistable ZnS IF. If a laser beam suddenly heats a cylinder of
length much greater than the beam radius ry. solution of the heat diffusion equation
leads to a thermal conduction of

2
- I pc
T (LLZ. 202K (2.28)

where K is the thermal conduction (0.167 W/cm C°. This relationship assumes that
thermal properties are determined by transverse conduction. Equation (2.28) yields
switch-down times of r, & 2 us and 500 ns for spot sizes of 20 um and 10 um,
respectively.

In our experiment, typical observed data are 7, = 10-1000 us and
7, = 20-2000 pgs.
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It is apparent that fast switching-up and switching-down can be obtained by
reducing the irradiated volume. However, for a given cavity factor there is a
tradeoff between the switch-up time and the input switching power. Because
density p and absorption A; are directly related to the structure of a thin film, as
the porosity increases the density decreases and the absorption increases. The
porosity also reduces the heat flow through the film. This gives one possible
explanation why a degraded ZnS IF showed a faster switching time but with lower

transmission compared with a normal one.

2.4 Characterization and Results

Several ZnS IFs with G|(HL)? m(HH) (LH)?|g| G structures were fabricated,
where m = 1...., 6 and p = 4 or 5. Discussions will focus on the ZnS IFs with p =
4 only. because they constitute the majority. Although limited data are available, IFs
with p = 5 do show lower linear peak transmission and lower switch-up power as
expected from Table 2.1 and Fig. 2.5, respectively.

The linear characteristics with respect to the peak transmission and bandwidth
(FWHM) of ZnS IFs are determined with a Cary-14 spectrometer. Uniformity of
these linear characteristics is determined by sampling five different locations on a
ZnS IF. These locations are defined by a paper mask as depicted on the upper-right
corner in Fig. 2.6, which is attached to the substrate side of a ZnS IF. A typical
measurement result is also shown in Fig. 2.6. The variation of peak wavelength,
peak transmission and FWHM can provide information about the magnitude of the
layer thickness error, the difference of reflectance between two mirrors, the amount
of loss (scattering), etc. Some of our ZnS IFs have zero peak-wavelength shift
(reference wavelength = 514 nm) over a large area as depicted in Fig. 2.7. In
Fig. 2.8, linear peak transmission is plotted as a function of the spacer thickness for
the calculated values and for the experimental data. Figure 2.9 shows that the
calculated critical initial detunings. the calculated FWHMs, and the experimental
FWHM data all vary as a function of the spacer thickness. The critical initial
detuning is calculated on the basis of Eq. (2.23a) with the transformation relationship
A)‘Bo.c = NoBo./2a(m+p). and in a high-finesse limit the critical initial detuning is
related to the FWHMs in Eq. (2.12) by A)‘ﬂo.c = /3/2 FWHMs. The calculated
FWHMs are from Table 2.1 and could be regarded as the minimum initial detuning
required for optical bistability as derived in Eq. (2.9).
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Figure 2.6 An example of transmission measurements on a ZnS I[F.
The upper right corner is a mask used to measure the uniformity; the
center-to-center distance between spots 1 and 2 is 21 mm.
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Figure 2.7 An example of a fairly uniform ZnS IF.
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Figure 2.8 Linear peak-transmission of a ZnS IF vs numbers of spacer
layers. Solid lines are of theoretical calculations; dots are experimental
data of IFs with p=4.
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Figure 2.9 FWHMs of a ZnS [F vs numbers of spacer layers. Solid
lines are calculated critical initial detuning Bp . and calculated FWHMs
(see text); dots are experimental data of IFs with p=4.
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To characterize the nonlinear properties of ZnS IFs, the cw output from a
Coherent Innova 90-4 Ar* laser operating at 514 nm is used. The beam is
modulated by an assembly of a rotating half-wave plate and a polarized beam splitter
with a total noise level of about 3%. An IF is put at the tenter of a rotational stage
so that tilt angles can be read. and the whole setup is mounted on a X-Y-Z
translation stage to have fine adjustment. A lens is used to provide a beam spot size
on an IF of roughly 20 um measured by a pinhole set. Two pin-photodiodes (United
Detector Technology) are used to detect inpﬁt and output signals of an IF, and these
signals are sent to a Hitachi V-1070 100-MHz oscilloscope to trace a bistable loop.
In all power measurements, the substrate side of a ZnS IF always faces the incident
beam. A Coherent Model 212 power meter is used to determine the minimum
switching power with a calibration factor of 2 for A = 514.5 nm.

ngure 2.10 shows the experimental data of the minimum switch-up power and
the calculated values versus spacer thickness. The calculated values are based on
Eq. (2.24), with k, = 0.01 W/cmK° ry = 10 ym, and an/dT = 8.02x10-5 k™' [2.18].
The solid line is for equal R; the dashed line is for unequal R with 10% less R for
the front mirror and illumination from the front; the dash-dotted line has the same
unequal R as the dashed line, but illumination is from the substrate side. It is
interesting that the reflectance mismatch of two mirrors can be clearly identified by
comparing the difference of the minimum switch-up pov-ers obtained when the
incident beam is from the front and from the rear. The calculated data show that
the thicker the spacer the lower the switch-up power, and that for a fixed
reflectance the minimum switch-up power decreases abruptly for the first few layers,
indicating that the spacer thickness is an important factor in the switching power
optimization. Experimental data of the switch-up power, though scattered, do show
this trend except that these data are consistently smaller than the calculated ones.
The deviation may result from errors in the parameter values used in Eq. (2.24) for
the calculation, and from errors attributable to the simplified assumptions that have
been made (e.g.. only the spacer layers include linear absorption, and the temperature
through the multilayer is assumed to be uniform). Equation (2.24) predicts that the
use of a low thermal conduction substrate will reduce the value of the minimum
switching power. This is proved experimentally by a reduction of 2-3 times in
switch-up power for a ZanS IF with the same (HL)*4H(LH)* structure, but with a
S-mm-thick SF glass substrate (¢, = 0.001 W/cm'K®, instead of a l-mm-thick Kodak
glass substrate (k, = 0.01 W/cm'K%. Figure 2.11 shows that the linear dependence of
the switch-up power on the beam spot-size calculated from Eq. (2.24) is consistent
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with the linear trend of observed data. Objectives with powers ranging from
N.A. « 0.1 to N.A. =03, which are assumed to have diffraction-limited
performance, are used to provide different spot sizes. A ZnS IF with the structure
(HL)Y*4H(LH)* is chcsen arbitrarily as an example. For higher N.A. an irreversible
deterioration of bistable characteristics has always been observed with continuing
illumination. It is suspected that the deterioration comes from the relatively high
temperature in the spacer which perhaps exceeds the damage threshold of the spacer
material. Similar results are reported by Sahlen, et al. {2.19]. This imposes an
inherent difficulty in implementing muitiple switches on a ZnS IF for optical
computing. Simultaneous switching of 8 pixels with separation of = 100 um on a
ZnS IF has been observed by incorporating a 1-D binary phase grating with a lens
(focal length = 50 mm). The IFs are used later in the three-spot pattern recognition
experiment described in Section 13.

The fan-out of a bistable device can be defined as the difference in transmitted
power before and after the switch-up divided by the signal ing ** power required to
switch-up when the device is biased. The contrast can be defined as the ratio of
the upper-branch transmission of a holding beam just after switch-on to the lower-
branch transmission just before switch-on. In the gating experiments the holding
beam is always modulated synchronously with the signal- beam instead of cw
operation. This scheme has two advantages: 1) it reduces the heat load in the
devices without reducing the data rate; 2) in the optical bistability mode the bias can
be adjusted as close to the switch-on point as noise will allow, therefore a better
fan-out is achieved.

We have obtained a fan-out of 4 using a ZnS interference filter. A 40-mW
beam held the filter’'s operating point just below bistable switch-up; a 2-mW input
then yielded an 8-mW change in an output power. In contrast, in electronics, TTL
typically has fan-out of 10 and CMOS of 50. Cascading has also been performed by
two ZnS IFs. A portion of the output beam from the first IF and a holding beam
are used to switch the next IF. The largest contrast we have observed in ZnS IFs is
about 4, while for ZnSe it is about 3. This may be due to the higher transmission
of ZnS filters, which gives them an additional advantage of a larger absolute output.
As discussed before, ZnSe IFs differ from ZnS IFs in the respect that ZnSe IFs have
a higher absorption, and (1/n)-(@n/3T) in bulk ZnSe is about twice that for bulk ZnS
near the absorption band edge. Consequently, it may be advantageous to use ZnSe
IFs for low-power applications (e.g.. in the last stage of a system). ZaS IFs could be
used to switch a number of pixels on a ZnSe IF when a large fan-out is needed or

When the noise level requires a high absolute switching signal.
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Figure 2.10. Minimum switch-up power of a ZnS I[F vs numbers of
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Figure 2.11 Switch-up power versus radius of different beam spot.
Solid line for calculated data; dots for experimental data of IFs with
(HL)$4H(LH)?.

29




The use of transmission or reflection output from a bistable IF with an
appropriate holding beam, as depicted in Fig. 2.12, makes the following logic
functions available: AND, NAND. OR and NOR. For a logic AND operation. two
units of light intensity are necessary for logic ONE; while for a logic OR operation,
one unit of light intensity will be sufficient. In addition, r.on-latching logic gates can
be realized with the proper control of detuning to reduce the bistable width tu zero.

Gate Operation
"AND" gate "OR" gate
A A
Pou Pau
o -
H 1 2 H 1 2
(a) Pa ®) Pa

Figure 2.12 Different amounts of holding beam are used for (a) an
AND gate operation and (b) an OR gate operation.

2.5 Discussion

In summary, ZnS IFs are relatively' simple and inexpensive to grow with
reasonable uniformity (less than 25% variation in the bistability switch-on power over
12 x 21 mm?® has been observed in our experiments). The nonlinearity arises from
the shift of the band edge with heating, so it is only weakly resonant. Operation is
good at 514.5 nm and at 488 nm, which permits the use of many-watt Ar* lasers to
produce multiple beams. In addition to facilitating alignment, visible light offers a
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convenient means for learning to work with many beams in parallel, and is
impressive during demonstrations of optical-computing concepts. ZnS filters do,
however, possess undesirable features. Their thermal response (0.01 to 1 ms) is much
slower than that of GaAs, but their power per pixel (10 mW) is about the same as
for GaAs. ,A ZaS and/or ZnSe IF and an etalon of bulk GaAs and/or of
GaAs/Al,_,Ga, As multiple-quantum-well structure are two systems currently under
intensive investigation for use as all-optical logic gates. Comparisons of these two
systems are summarized in Table 2.2.

The packing density of logic gates is determined by the minimum interpixel
separation required to prevent crosstalk. Crosstalk is an undesirable occurrence in
which an element switched to the ON state can cause its neighbors to switch through
some form of transverse coupling. In GaAs devices the dominant mechanism is
carrier diffusion, while in IFs it is thermal diffusion. Although an interpixel
separation of 20 um was shown to prevent crosstalk in a two-beam experiment [2.9].
results obtained by Abraham, et al. [2.20] suggest that the pixellization for optical
logic array in a ZnS IF will be an effective way to achieve low crosstalk and low
switching energy. Suppose that a 5 cm x 5 cm bistable ZnS IF can have 10°
operating spots, and that each spot requires 10 mW of power to be in ON state; one
then could operate at a 10-kHz rate, resulting in 10' bit operations per second.
However. 10 kW of laser power would be required. It is a challenging thermal
engineering problem to remove a heat load of 100 W/cm?, assuming 25% absorption
per spot.

Future work could be directed to pixellation and to innovative methods for
reducing the power consumption per pixel. One example of reducing the switch-up
power was demonstrated by using an extra-cavity absorber [2.21]. Although those
devices operate only in the reflection mode. the operating wavelength has been
extended to the near infrared, making the IFs compatible with laser diodes. Other
fabrication techniques have been adapted to improve the I[Fs’ properties. For
example, observations by Chow, et al. [2.22] show that samples produced by MBE
are likely to be inherently more stable because the spacer regions are dense and
contain no porosity. Still, engineering problems in conventional IFs, such as how to
obtain long-term stability against water-vapor shifts and how to remove heat load,
remain to be solved.
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Table 2.2 Comparison between Zn/ZnSe IFs and GaAs etalons for all-optical
logic gates based on optical bistability.

GaAs/Ga, Al|_, As etalons ZnS/ZnSe IFs
refractive index 3.48-3.6 (bulk) 2.35-2.45
absorption coeff. 20.1-1.0 um™! 100-600 cm™!
bandgap GaAs: 870 nm 2300 nm

GaAs/GaAlAs: 806-870 nm
mechanism electronic refractive thermal refractive
Aoperation GaAs: 885 nm 514 nm, 488 nm

GaAs/GaAlAs:

tunable 820-885 nm
structure bulk, MQW GHL)» mHH(LHPG
substrate GaAs glass
T eak finear 10-20% 260% for ZnS
FWHM (A) 220 S
spot size (um) x5 220
P;min. (mW) . 210 ' 210
switch-up time afew ps 10-1000 us

windowless GaAs: 30 ps
2-D array realized? Yes No
contrast 10:1 34:1
fan-out 4 4
uniformity Good Good
single A\ operation Yes Yes
gate operation OR NOR AND NAND OR NOR AND NAND
cascading? Yes Yes
compatible with IC No No
compatible with laser diode? Yes No
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3. OPTICAL NONLINEARITY OF GaAs AND GaAs-AlGaAs
MULTIPLE-QUANTUM WELLS

3.1 Introduction

Semiconductors have been studied extensively for possible applications to fast
opto-electronic devices, since they exhibit large optical nonlinearities in the vicinity of
their band edge [3.1, 3.2). The microscopic origins of the electronic nonlinearities in
semiconductors are explained by many-body effects such as screening of Coulomb
interactions, bandgap renormalization and phase-space filling [3.3, 3.4]). Recently, it
has been reported that room-temperature optical nonlinearities in bulk GaAs are
attributable to plasma screening of the Coulomb enhancement and to band
filling [3.5].

Modern crystal growth techniques like MBE and metalorganic chemical vapor
deposition (MOCVD) make possible high quality MQW structures with precise layer
thicknesses and high uniformity. The confinement of electron-hole pairs in MQWs
enhance their excitonic effects and makes them observable even at room
temperature [3.4, 3.6]. The magnitude of the nonlinear refractive index has been
measured for two GaAs/AlGaAs MQWs using degenerate four wave mixing [3.4].
Generally, it has been believed that MQWs have a larger nonlinear refractive index
than does bulk GaAs. However, there has been no systematic study of the effect of
well size on the optical nonlinearities in MQWs.

We have made measurements of the nonlinear refractive indices of
GaAs/AlGaAs MQWs as a function of well size, and compared them with those of
bulk GaAs. The nonlinear absorption spectra for 76-A. 152-A. and 299-A
GaAs/AlGaAs MQWs and for bulk GaAs were measured. The changes in the
refractive index were obtained from a Kramers-Kronig transformation of the
measured absorption changes. The index variation An, and the ratio of maximum An

to the carrier concentration N, An/N, were compared for these samples.

3.2 Experimental Results

A nitrogen-pumped dye laser operating at 816 nm was used for the pump
beam. The probe consisted of the spectral broadband spontaneous luminescence
emitted by a cell containing IR-144 or HITC dyes. The nitrogen laser synchronously
pumped both the dye laser and the dye cell which subsequently delivered pulses of
3 ns full width at half maximum (FWHM). The two beams were collimated and
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brought onto the sample so as to be coincident in time and space. This was
carefully checked using an oscilloscope and TV a monitor. The spot diameter of the
pump beam at the sample was = 200 um, allowing us to neglect the diffusive decay
time in comparison to the recombination time [3.4]. The probe beam diameter was
= 50 um. The pump beam was polarized orthogonal to the probe beam. which
permitted us to block the pump beam selectively before it entered the spectrometer.
The transmission of the sample for the broadband probe beam was measured using a
spectrometer equipped with an optical multichannel analyzer (OMA).

Four different MBE-grown samples were used for this research: 76-A. 152-A
and 299-A GaAs/AlGaAs MQWSs and bulk GaAs. The first MQW sample consisted
of 63 layers of 76-A-thick GaAs. Each GaAs layer is followed by an 81-A-thick
layer of Aly s;Ga, ¢3As. The total GaAs thickness of this sample was 0.48 um. The
next sample consisted of 100 layers of 152-A-thick GaAs and 104-A-thick
Alp 33Ga, ¢7As barriers for a total GaAs thickness of 1.52 um. The third sample had
61 layers of 299-A-thick GaAs and 98-A-thick -Aly sGag eiAs, resulting in a total
GaAs thickness of 1.8 pm. The bulk GaAs consisted of a 2.05-um GaAs layer
sandwiched between two AlGaAs layers. These four samples are called 76-A,
152-A. 299-A and bulk, respectively, throughout this section. Different total GaAs
thicknesses for the four samples does not affect either the measured absorption
changes or the nonlinear index. since the thickness factor drops out when the
absorption coefficient is obtained from the probe transmission.

The absorption changes for the various pump intensities were measured in the
vicinity of the band edge at room temperature. The pump wavelength was fixed
above the band edge at 816 nm. The same pump beam intensities were used for all
four samples. Figure 3.1(a) shows the nonlinear absorption spectra for bulk GaAs.
A very small exciton feature appears in the linear spectrum labeled 0. Exciton
screening is observed for small pump intensities, while broad absorption changes in
the band become more pronounced as the pump intensity is increased. The changes
in the refractive index were obtained from a Kramers-Kronig transformation of the
changes in the measured absorption spectra. Figure 3.2(a) shows the resulting
variation in the refractive index. The rising edge observed for high energies is an
artifact from the use of a finite integration interval in the Kramers-K-onig
transformation [3.7]). The error introduced by clipping this interval is less than five
percent in the region of interest near the exciton resonance. This was verified by

numerically integrating the absorption changes extended over an infinite frequency
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range and comparing this result with the An computed using finite integration
limits [3.7]). The validity of this indirect technique of measuring the nonlinear index
has been confirmed by several direct interferometric measurements [3.5].

Exciions and cairiers are coniined to quasi- two dimensions in MQWs. This
confinement causes a shift in the linear absorption edge to higher energies, enhanced
excitonic features. and a splitting of the heavy- and light-hole excitons {3.4]. The
exciton peak, barely resolvable in bulk, is more prominent in the 299-A sample, as
shown in Fig. 3.1(b). At low pump intensity, exciton saturation dominates. At high
intensity, the nonlinear behavior is similar to that of bulk GaAs because of the
relatively weak confinement in the 299-A sample. In Fig. 3.1(c) and (d) are
displayed similar curves for the 152-A and 76-A samples. The increase in the
excitonic absorption now is very apparent. Note the clear separation of the heavy-
and light-hole excitons in the 76-A sample, in contrast to that of the 152-A sample.
The corresponding variation in refractive index is shown in Fig. 3.2(c) and (d).

3.3 Discussion of Results

Curves of An versus intensity for the four samples are plotted in Fig. 3.3(a).
Note from Fig. 3.3(a) that to produce the same An. a lower pump intensity is
required for the 76-A MQW sample than for the bulk sample. These results indicate
that the smaller MQWs have larger nonlinear refractive indices. However, one must
note that the comparison of intensity-dependent index changes is somewhat
misleading. For resonant excitation, changes of the optical material properties depend
on the excitation intensity only through the carrier density. Moreover, the samples
each have a different absorption at the pump frequency, so that a single excitation
intensity generates a different number of carriers for each sample. Therefore, to
obtain a clearer comparison of the material nonlinearities themselves, we compare the
index change per excited carrier, An/N, for these samples.

Figure 3.3(b) shows the maximum An/N for a given carrier concentration. The
carrier concentration is obtained using the simple rate equation:

dN _ wpgpo)l N , 3.1
dt MWpump T

where 7 is the lifetime of the electron-hole pairs, Wyymp is the frequency of the
pump beam and a(wpump) is the linear absorption coefficient measured at the pump
frequency. Assuming a Gaussian temporal profile for the pump beam., Eq. (3.1)
yields
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Figure 3.1, Experimental room-temperature absorption spectra for:
(a) bulk GaAs; (b) 299-A MQW; (c) 152-A MQW: and (d) 76-A
MQW. The curves labeled in the figure represent pump beam intensities

(in Wliem?) of: (0) 0; (1) 670; (2) 1270; (3) 2650; (4) 5400; and
(5) 11700.
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Figure 3.2. Refractive index changes corresponding directly to the
measured changes in the absorption spectra for: (a) bulk GaAs:
(b) 299-4 MQW:; (c) 152-A MQW: and (d) 76-A MQW.
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Figure 3.3 (a) Maximum change in refractive index vs. pump beam
intensity; (b) maximum change in index per carrier concentration vs. the

carrier concentration.

eV atwoumolle [ ¢ 1.6651 ?
N(t) = pump’ 9 [ et’" exp -[ o Touh] t'] de . (3.2)
e I FWHM)

where I, is the peak pump intensity, x is chosen to be twice the FWHM., and t is the
delay time between the pump and probe.

As shown in Fig. 3.3(b), An/N increas&sl by a maximum factor of 3 for
N = 10" cm-® as the MQW well size decreases from bulk to 76 A. The carrier
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lifetime was also measured in these samples. Table 3.1 gives the measured values

for the carrier lifetime.

Table 3.1 Carrier lifetime in bulk and MQW GaAs

Sample Lifetime
1. Bulk (2.05 um) 32 ns
2. 299-A MQW 24 ns
3. 152-A MQW 18 ns
4. 100-A MQW 10 ns
5. 76-A MQW 3 ns

As can be seen from Fig. 3.1, the excitons bleach and broaden with increasing
carrier concentration. In contrast to bulk GaAs, [3.5] it is reported that exciton
saturation due to phase space fuiing and exchange are the dominant nonlinear
mechanisms for the MQWs (3.3, 3.8]). Several models were employed in order to
determine the excitonic absorption saturation with carrier concentration for the
MQWs. The best fit to the experimental data was obtained using the following
saturation model:

a,
a(N) = T+ NN, (3.3

where a, is the linear absorption coefficient -at the heavy-hole exciton peak and N; is
the saturation carrier concentration. N, and a, for the MQW samples, as determined
from Eq. (3.3), are given in Table 3.2. The larger o, for the smaller-well MQWs
results from the decrease in their exciton Bohr radii, ag (because the transition
probability is proportional to 1/ag3). These results indicate that the saturation density
N, is nearly well-size independent and that the factor-of-3 increase in the optical
nonlinearities are attributable mainly to the factor-of-3 increase in the exciton
absorption.
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Table 3.2 Values of a, and N, determined by least squares fit.

Sample an(x10* cm™!) N, (x10'7 cm™?)
76-A MQW 2.7 9.0
152-A MQW 1.4 7.2
299-A MQW 0.8 11.1

The refractive nonlinearity increases as the well thickness is reduced to 76 A.
The optimum well size is probably around 50 A, at least with present-day. state-of-
the-art growth (narrower wells usually have broader lower exciton peaks, resulting
from inhomogeneous broadening caused by fluctuations in thickness). As stated
earlier, the number of layers and their thickness do not affect the measured
nonlinearity for a sample.  However, greater thicknesses correspond to greater

nonlinear phase shifts for etalon devices (A¢ . where \ is the wavelength, ! is

the thickness, An is the index change and 2¢Ait;! the phase shift). In addition,
transmission decreases as layer thickness increases. Finally, the carrier lifetime is
shorter for smaller well sizes, as shown in Table 3.1. These properties, greater index
changes with shorter decay times, make smaller-well-size etalons more desirabie for
application in all—o_ptical devices.

As the well size is reduced, the exciton peak is shifted to shorter wavelengths
as a result of the confinement effect. For example, the exciton peak occurs at
2870nm for a 299-A MQW. while it occurs at 2840nm for the 76-A MQW.

The absorption of excitons in MQWs is polarization dependent, i.e., both heavy-
hole and light-hole excitons are observed for the E field in the plane of the layers,
while only the light hole remains for the E field perpendicular to the layers.
Therefore, the absorption spectrum effectively is shifted to the blue range for light
polarized perpendicular to the layers. We have already employed this polarization
property of the MQWSs in nonlinear directional couplers. However, most of our
etalon experiments were performed with light polarized parallel to the plane of the
MQWs, in which case polarization effects are negligible.

We have studied excitonic nonlinearities in MBE-grown ZnSe crystals, using
techniques like those presented here for GaAs; see Appendix A.
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3.4 Conclusion

We performed a systematic study of the dependence of the optical nonlinearities
on well thickness for GaAs/AlGaAs MQWs (of 76-A, 152-A and 299-A) and for
bulk GaAs at room temperature. The measured ratio of the nonlinear refractive
index to the carrier concentration increased by a factor of 3 at these carrier densities
as the well size decreased from bulk to 76 A. The increase in excitonic absorption
for the smaller MQWs appears to be responsible for this behavior. We note that the
larger nonlinearity and the better compatibility with existing semiconductor lasers
tends to favor MQWs over bulk GaAs for device applications. Comparisons between
bulk and MQW band edge nonlinearities are summarized in Reference [3.9].
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4. UNIFORMITY OF GaAs ETALONS

When cur Statement of Work was written, it was believed that the GaAs etalon
worked well as a single device, and that most of our research should be devoted to
multiple beams and to interconnecting etalons. The discovery of the gain problem for
short pulses (see Section 6) prompted a reassessment, and we placed less emphasis on
multiple-beam considerations. In addition, our principal source of GaAs samples, Art
Gossard, left Bell Labs and went to the University of California at Santa Barbara,
where he found that the MBE machines there had been acquired by people interested
in competing rather than in collaborating with us. This further hampered our
uniformity studies.

We performed two systematic studies of uniformity as reported here, one with

external mirrors, and one with MBE-grown mirrors.

4.1 External Mirrors {4.1]

The nonuniformity of standard GaAs etalons results from: 1) nonuniformity of
the MBE growth; 2) nonuniformity introduced during etching of the substrate; and
3) increased or decreased nonuniformity resulting from the attachment of external
mirrors to the GaAs crystal.

That MBE growth often has appreciable nonuniformity is shown in Fig. 4.1,
where the peak-to-peak variation over 0.06. mm? is 0.2 \/n,, with A\ = 850 nm and
n, = 3.6, and an RMS variation of 0.03 A\/n,. In general, etching away the substrate
results in greater nonuniformity, a wedge is introduced during the etching process,
and persists in the stop layer (but is diminished by the approximate 30:1 difference
in etch rates). This wedge nonuniformity can be compensated for by adjusting the
external mirrors. A brute-force method is to put the sample in an external Fabry-
Perot etalon. as shown in Fig. 4.2.

The layout for testing the samples is depicted in Fig. 4.3. The dye laser is
calibrated by connecting a fiber to a monochromator with an optical multichannel
analyzer. The pulse width is 0.8 us and the duty cycle is 0.07 us. Neutral density
(ND) filters are used to make sure there is no nonlinear effect. By tuning the dye
laser, the Fabry-Perot transmission profiles are obtained. On the monitor, the fringes
on the sample can be seen easily. These fringes are the resuli of nonuniformity of
the sample, evidenced by the fact that the fringes move when the sample is moved.
Through an adjustment of the screws on the holder, the number of fringes on the
sample can be reduced to very few, indicating that the wedge hLas been compensated
for.
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Figure 4.1 Surface nonuniformity of MBE-grown sample.
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Figure 4.3 Exrerimental setup for testing flatness by observing shift in
Fabry-Perot transmission peak.
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A TRW MQW sample was used in the squeezed-sample setup. Peak
wavelength versus sample position is plotted in Fig. 4.4. Further ﬂieasurements show
that the peak wavelength varies less than 20 A over 800 um. Comparisons between
glued and direct-coated samples are made in Fig. 4.5 and Fig. 4.6, respectively.
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Figure 4.4  Peak-wavelength variation of etalon consisting of MQW
sample with external mirrors.

4.2 Integrated Mirrors [4.2)

Direct etching of the etalon can be avoided if an integrated mirror is grown by
MBE. Other laboratories have found this technique to be effective [4.3, 4.4].
Because the etching process introduces no intracavity thickness nonuniformity, only
nonuniformity introduced by the growth process can result.

Because of their optical properties. distributed-feedback structures offer
interesting possibilities as interferometric devices [4.5-4.7]. The ability to produce
high reflectors with GaAs/AlGaAs quarter-wave stacks is essential for the
implementation of a monolithically-gréwn Fabry-Perot etalon. We use the quarter-
wave stack structure to grow high-reflecting mirrors on each side of a GaAs spacer
layer [4.3,4.8]. In the past, Fabry-Perot etalons were constructed by sandwiching a

I-um-thick GaAs layer between external dielectric mirrors. This procedure yielded
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Figure 4.5 Peak-wavelength variation of etalon consisting of sample with
cover-slip mirrors glued directly to sample.
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Figure 4.6 Peak-wavelength variation of etalon consisting of sample with
mirrors formed by direct coating of dielectrics.
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devices that were highly nonuniform; for instance, the Fabry-Perot resonance
wavelength could vary by several free spectral ranges in an area as small as 50 um.
Such nonuniformity occurred either because wedges were produced in the GaAs
layer during the etching process and/or because of the nonparallel alignment of the
external mirrors. Although portions of such a sample might yield good nonlinear
optical performance, it is difficult to imagine an array of these devices working.

The integrated Fabry-Perot concept solves the uniformity problem and produces
devices comparable to the best devices produced in the past, with highly improved
heat-sinking capabilities in reflection. The design of the device involves two main
steps. First, one determines the reflectivity, spectral bandwidth and center
wavelength of the high reflectors. Second, one chooses the spacer layer such that the
resonance wavelength of the structure has the proper detuning from the optical
absorption band gap to yield a high-finesse cavity with nonlinear index changes great
enough to produce optical bistability.

The reflector design consists of alternating layers of GaAs and AlGaAs. If one
grows materials with dissimilar indices of refraction, he can obtain optical reflections
from the surfaces by virtue of this index mismatch. Ideally, one would like two
materials with an index contrast as great as possible. For this reason. we choose
GaAs and AlGaAs; the corresponding index mismatch is An = 0.6. In Fig. 4.7 we
show how the reflectivity of a quarter-wave stack of GaAs and AlGaAs, with
varying amounts of aluminum, changes with the number of periods in the stack.
One can see that for stacks having more than 0 periods. the gain in reflectivity
becomes smaller and smaller. To obtain a reflectivity of 90% over a spectral range
tens of nanometers wide, at least seven periods using AlGaAs material are required.
Determination of the proper detuning requires some modeling. The main criterion for
the design is the achievement of high-contrast-switching operation in the reflection
mode. Because the modeling program includes the nonlinear absorption and nonlinear
refractive index. realistic parameters can be evaluated easily. The spacer layer itself
must be a multiple of A,/2n, where A, is the resonance wavelength and n is the
refractive index of the spacer material. An intensive study of the performance of a
nonlinear Fabry-Perot etalon, which includes results from the full GaAs plasma
theory. has been completed (4.9].

The final design is shown in Fig. 4.8. The sample is grown entirely by MBE.
During growth, the substrate is rotated in order to enhance uniformity. A short-
period superlattice is grown on top of the substrate to improve the surface
morphology so that subsequent layers will grow more smoothly. The success of this

fabrication process relies not only on uniformity during the growth process but also
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Figure 4.7 Maximum reflectivity of a GaAs-AlGaAs DFB structure as a
function of the aluminum content and the number of periods in the

structure.
on the accuracy of calibra:.on of the layer thicknesses. For instance, a 5% error in
calibration degrades the performance of the reflector substantially; the Fabry-Perot
resonance wavelength could be spectrally shifted into the high-absorption region of
the GaAs, resulting in a poor-finesse structure.

The experimental reflection spectra at different positions of a 1 cm x 1 cm
section of the wafer is shown in Fig. 4.9. The theoretical performance of the
structure is also indicated. As shown, the target resonance wavelength is near the
designed value. More importantly, the resonance wavelength deviates less than three
linewidths over the entire 1 cm?® region; this is by far the most uniform performance
of these devices to date. The finesse of the structure is approximately 18, which

again is the highest to date in an etalon capable of optical bistability.
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Integrated MBE-Grown Fabry-Perot
Etalons in GaAs

GaAs 575 A } x7 High Reflector
AlAs 795 A
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Growth: Wright-Patterson AFB

Figure 4.8 Design of an integrated Fabry-Perot etalon using GaAs and
AlAs quarter-wave layers with a bulk GaAs spacer layer.

4.3 Arrays With Integrated Mirrors {4.2]

We etched a 100 x 100 array of 5 um x 5 um square pixels in the structure.
This is done using contact photolithography and reactive ion etching. The surface of
the structure is coated with a I-um-thick layer of a UV-sensitive photoresist. The
UV light passes through a mask attached to the surface of the sample, which
transfers the array pattern to the photoresist material. The photoresist is developed,
leaving behind an array of pixels in photoresist. We use a BCl; reactive-ion-etching
process to define the pixels in the GaAs structure. An SEM photograph is shown in
Fig. 4.10. From the profile of a single pixel, we observe a periodic variation in
contrast near the top of the pixel. This variation corresponds to the top, quarter-
wave stack high reflector. The etch depth was chosen to be 3 um, so that the base
surface after the etching would expose the bottom high reflector. The reflectivity of

the bottom reflector is 90% over a wide spectral range. and its spectral dependence
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agrees well with the predicted performance of the mirror. The experimental

reflection spectrum is shown in Fig. 4.11.

4.4 Integrated Mirrors: Nonlinear Optical Performance [4.2]

The nonlinear optical performance of the device is characterized by the quality
of the optical bistability and optical NOR-gate response. A typical optical-bistability
trace in reflection is shown in Fig. 4.12. The dye laser is modulated by acousto-
optic modulators to produce triangular pulses at a 10 kHz rate. The inverted input
pulse is shown in the oscilloscope trace along with the reflected signal. The output
is plotted as a function of the input to reveal the bistability loop. Bistable switching
can be understood in the following qualitative way. The input wavelength is tuned
to the short-wavelength side of the Fabry-Perot resonance. As the intensity in the
cavity builds up, the refractive index in the spacer layer decreases. The resonance
thus is shifted to shorter wavelengths, such that more light from the input enters the
cavity, decreasing the index even further. This process is cumulative, and produces
_ the sharp switching behavior in the etalon. The peak power on the etalon is 10 mW
focused into a 20-um spot. Tighter focusing of the input with higher power
microscope objectives has the undesirable effect of broadening the Fabry-Perot
resonance. This broadening occurs because each angle incident on the etalon sees an
effectively different resonance. When the input cone of light is large (for stronger
focusing), the different resonances are convolved together.  The optical power
requirements for nonlinear switching do not decrease with higher-power microscope
objectives. However, if an optical fiber is butt-coupled to the input face of the
resonator, better performance can be obtained. This improvement is possible because
the light exiting the fiber is a spatially-filtered plane wave. Light reflected from the
etalon is collected by the same fiber, and detected with a partially-reflecting mirror.
This method can reduce the power requirements by a factor of 2 when a single-mode
optical fiber with a guiding diameter of 10 um is employed. This configuration was
used to implement a fiber-etalon-fiber optical bistable fiber link (Section 9.3).

The results of an optical-NOR-gate operation are shown in Fig. 4.13. The
probe wavelength is tuned to the transmission resonance of the etalon. We remove
the substrate from the integrated Fabry-Perot etalon in order to perform transmission
measurements. The sub-nanosecond pump pulse (88 nJ) is tuned to 817 nm for
efficient carrier generation and focused to a 260-um spot diameter. As soon as the
pump is absorbed, the refractive index of the spacer decreases and the resonance is
shifted to shorter wavelengths. The probe transmission decreases as the Fabry-Perot

resonance shifts, because the probe wavelength is no longer resonant with the device.
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Figure 4.9 (a) - (d) Linear reflection spectra of integrated Fabry-

Perot etalons taken from different portions of the same wafer.
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Schematic representation of the wafer where the spectra in a.b.c.d,
correspond to positions 1,4,3,6. (f) Theoretical linear reflection spectrum
for the structure.
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Figure 4.10 SEM photograph of an array of integrated Fabry-Perot
devices. Each pixel is 5 x 5 pum with a center-to-center separation of 20
pm. The bottom picture is a magnified view of a single pixel. Note the
integrated mirror ai the top of the pixel.
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Figure 4.11 Reflection spec:rum of base mirror in the integrated Fabry-

Perot etalon after pixellation via reactive ion etching.
As the carriers recombine, the refractive index returns to its original value and the
Fabry-Perot resonance returns to its original resonance wavelength. As the Fabry-
Perot resonance returns to its original resonance wavelength, the probe transmission
increases. The 1/e lifetime associated with the NOR-gate operation is 12 ns. Faster
NOR-gate operation has been reported [4.10]. If more of the GaAs surface is
exposed to nonradiative recombination, the carrier lifetime can be shortened. As was
the case with the quantum wires, increasing the exposed surface leads to shcrter
~ lifetimes. We also explored this possibility in the pixellated integrated Fabry-Perot
devices. In this case, only sidewall recombination contributed to the faster
recombination, and yet we still observe a faster NOR-gate recovery (1 ns). The use
of smaller pixels (on the order of 1 um), should speed up the device even further.

4.5 Integrated Mirrors: Reduction in Thermal Sensitivity [4.2]

The operation of closely-spaced, bist. Jle devices can introduce undesirable
thermal effects. Thermal nonlinearities produce positive refractive index changes,
which compromise the electronic nonlinearities. Unless energy can effectively be
removed from the devices, these thermal effects can degrade the performance as well
as produce thermal gradients in the wafer. The integrated Fabry-Perot structure
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Figure 4.12 Optical bistability in reflection in the integrated Fabry-Perot

etalon. The input wavelength is \ = 8873-A and the peak input power is

30 mW.
operating in reflection solves some of this thermal loading problem. Heat conduction
from the etalon into the GaAs substrate is efficient. This allows the observation of
nonlinear optical gating with millisecond puises.

Without any heat-sinking in the etalon, thermal effects are observed with pulses
as short as 5 us. In this monolithic etalon, we observe optical bistability with 400 us
pulses (see Fig. 4.14). Other methods of heat sinking Fabry-Perot etalons have also
been reported [4.11, 4.12]). These methods. however, require additional processing
steps. The integrated Fabry-Perot structure experiences a reduced thermal sensitivity
simply because excess heat can be conducted into the GaAs substrate and dissipated
into a much larger thermal mass.
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Figure 4.13 NOR-gate response of the integrated Fabry-Perot etalon in
transmission. The probe wavelength is \ = 888 nm. The pump pulse is
0.5 ns full-width, half-maximum.
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Figure 4.14 Optical bistability in reflection in the integrated Fabry-Perot
etalon using 400 ps triangular pulses. The peck input power is 40 mW
and the input wavelength is \ = 887 nm. The top trace shows the time
response of the switching. The bottom trace shows the narrow bistable
loop.
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5. CASCADING AND DIFFERENTIAL GAIN IN
GaAs ETALONS USED AS LOGIC GATES

5.1 Introduction

It may be possible to use a nonlinear Fabry-Perot etalon as a switching element
in a digital optical processor. These etalons may find application both in massive
parallel processing and fast sequential processing [5.1]. Since the observation of
optical bistability in both bulk and MQW GaAs Fabry-Perot etalons, much effort has
been devoted to making these devices useful as all-optical switches. These etalons
show promise because of their large nonlinearity, fast switching speeds, small size
and diode-laser compatibility [5.1-5.4]. External off- and on-switching, two-
wavelength gating, and fabrication of etalon and microresonator arrays have been
demonstrated with these devices [5.5-5.8]. Additional requirements must be wnlaced
on such devices if a real system, or even a fairly simple circuit, is to be constructed
from them. Most importantly, the etalons must exhibit cascadability, gain (or fan-
out), and good contrast. These three requirements are necessary so that: (a) signal
levels can be restored after each operation in order to drive the next stage; (b) output
of one logic gate can be used to switch several logic gates; and (c) the signal-to-noise
ratio can- be kept high throughout the system.

Single-wavelength gain and cascading have been demonstrated for some
materials, such as ZnS, ZnSe. InSb, allowing some simple digital optical circuits to be
built (see Sections 2, and 13 through 15) [5.9-5.14]. Of course, gain also can be
obtained through two-wavelength operation of GaAs devices [5.8], but then cascading
is difficult because: 1) the wavelength of the output beam is different from that of
the input beam in order to achieve efficient pumping; and 2) isolated resonances,
which would allow the two wavelengths to be switched interchangeably, are not yet
allowable.

In this section we report the experimental demonstration of single-wavelength
latching circuits, with two 58-A MQW bistable etalons operating in both the
transmission (AND-gate or OR-gate) and the reflection (NAND-gate or NOR-gate)
modes. The sample consisted of 180 periods of S58A-thick GaAs and 96A-thick
AlGaAs, with a total GaAs thickness of 1.04 um. This sample was chosen because
previous measurements showed that MQWs with smaller well thicknesses exhibit
greater nonlinearity (see Section 3.3). The 58A-GaAs layer in the sample made it
the narrowest-well MQW available to us. The sample exhibited the best switching
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characteristics in the laboratory, despite the nonuniformity in thickness. This may be
because the exciton peak in this sample is close to the wavelength at which our laser
gives its maximum power. With milliwatt powers, these devices are operated at
room temperature, with pulses of about one microsecond in duration. These are
much shorter than those used previously for thermal bistable devices (such as ZnS
and ZnSe interference filters) in demonstration experiments [5.9. 5.10, 5.14]. Even
though the etalons are not optimized. and even though no special procedure is
followed to stabilize the laser power. a gain of 4 is obtained. Great contrast is
observed also, with the largest contrast seen 2= 10 for an etalon operating in
transmission mode (Fig. 5.1). Thus requirements (a)<(c) discussed above are satisfied
Afor microsecond pulses. Later in this section we discuss the use of these nonlinear
etalons in large-scale parallel optical signal processing, and in fast sequential optical

signal processing.

Figure 5.1 Output vs input operating characteristics of a GaAs/AlGaAs
MQW  nonlinear etalon showing a contrast Cq of 10. The input is a
1.5 ps triangular pulse with 45 mW peak-power.

57




5.2 Definitions

For a nonlinear etalon operated either in a bistable or in a thresholding mode,
the gain and the contrast can be defined in terms of the power of the light pulses as
follows. Suppose a weak signal beam is amplified through a nonlinear etalon by a

strong holding beam; we define the device gain as

P, -P
Ga = ~p—

. (5.1

where P, is the output power when the device is in the upper bistable state, P, is
the output in the lower state, and P, is the signal-beam power (see Fig. 5.2). This
definition of G4 is suitable for the steady-state operation of a device, i.e.. when the
input pulse length is much greater than the device response time. This gain is
sometimes called differential gain to distinguish it from the type of gain that occurs
in a laser, in which the medium itself amplifies light. Note that G4 is limited by
practical considerations such as the stability of the laser amplitude and frequency,
and the etalon temperature stability. Theoretically, G4 can approach infinity if one
decreases P,., but the switching time may increase because of the critical-slowing-
down effect. Critical-slowing-down refers to the slower switch-on time that results
when the holding power, or bias level, is near the switch-on value. In other words,
for input intensities near the threshold value, the time it takes for the output to
reach steady state increases. The switch-on time, then, can be decreased by
employing an input intensity significant{y greater than that required for switching
(see, for ex.mple, pp. 221-229 of Gibbs) [5.3].

The contrast of a logic gate is defined as

P
- =4
Cq P, . (5.2)

For most applications, the contrast represents the signal-to-noise ratio of a device. In
general, a large contrast is desired, especially for applications such as the nonlinear
decision making in an optical associative memory (Section 14 and [5.15]). For an
etalon operating in the transient mode, where the pulse length is comparable to the
device response time, we can define the device gain and the contrast in a similar
way, with the powers in the above expressions replaced by energies.

The minimum gain required for cascading is G4 > 1. Generally, for a gate to
have a fan-out of N, G4 > N is required if the output of the first gate is to switch
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Figure 3.2 A bistable device as a latching logic gate. Py is the bias

power, Pg is the signal power, Py and P| are the upper- and lower-state

output powers, respectively.
N succeeding gates by itself. This requirement can be reduced if the outputs of
several gates are used to switch one gate (i.e.. if fan-in is employed), provided the
signals meet certain conditions (see Section 8.1). The contrast must also be great
enough that P,/N > P, but P,/N is too small to switch the device. This requirement
in effect determines G4. The N required depends on the functional architecture.
For example, if the simplest symbolic-substitution logic is to be implemented, N > 2
will be required {5.16].

GaAs nonlinear etalons can be operaied in the transmission mode or in the
reflection mode (Fig. 5.3). When using etalons with symmetrical cavities (like the
ones used in this experiment), one can take advantage of their bidirectional operation.
i.e., the transmitted and/or reflected beams from both sides may be used. Latching
properties are important in this case. Latching means that the device stays in the
switched state even if the small signal power is removed. Latching occurs when the
device is operating in a bistable mode, with the bias beam power exceeding the
switch-down power. Latching times can be controlled by setting and resetting the
bias pulse, as is done in this experiment, where the device acts like a latching OR-

gate in the transmission mode and a latching NOR-gate in the reflection mode.

$.3 Experimental Setup
Nonlinear Fabry-Perot etalons are made by sandwiching a 180-period
58-A GaAs/96-A AlGaAs MQW between two dielectric mirrors having 90%
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Figure 5.3 A GaAs/AlGaAs MQW bistable etalon operating in the

reflection (latching NOR-gate) mode. The input pulse length is 800 ns,

and the operating wavelength is 838 nm with about 35 mW input peak-

power. The upper-right trace is the reflected output when the etalon is

not switched, and the lower one is the output when the etalon is switched.

On the left-hand side is the output vs input trace.
reflectivity. Etalons fabricated by this method usually are not uniform, but this non-
uniformity makes it easier to match the cavity resonances of the two devices.
Figure 5.4(a) shows the experimental setup for cascading in reflection mode. The
first etalon works as a NOR-gate, and the second etalon is switched by the beam
reflected from the first etalon. The input pulses are generated by a pulse generator
driving an acousto-optic modulator, which diffracts a 0.4- to 4-us pulse from a near-
infrared cw dye laser beam. This beam is split into two paths in order to switch
the two etalons. If the incident laser beam is linearly polarized, beam combining is
simplified. £ When the beam is incident perpendicular to the layers of an MQW
sample, operation of the etalon is independent of polarization. This property enables
one to use the polarization degree of freedom to fan-in two beams with negligible

loss. The polarization degree of freedom is used to control the beam intensity. Fine
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adjustment of the beam intensities is accomplished by placing a half-wave plate in
front of a polarizing beam splitter. The polarization degree of freedom is used also
for beam combining. The beam reflected from the first etalon is coupled into the
second etalon by rotating its polarization by 90° using a quarter-wave plate and a
pair of polarizing beam splitters. After the beam passes the quarter-wave plate
twice, it is combined with a holding beam of opposite polarization, which switches
the second etalon. The laser beams are focused to spot sizes of about 15 um in
diameter with 10x microscope objectives; the spots are monitored by means of a TV
camera. The input power to the first stage is varied by rotating the half-wave plate
or by changing the aperture size of the pinhole so that the etalon can be switched on
or off. The change of the output signal from the first stage then is measured and
compared with the change of the output signal of the second stage to determine the
gain. Similar setups are used for the cascading experiments, with both etalons
working in transmission mode as OR-gates, where the transmitted signal of the first
etalon is used to switch the second etalon, as shown in Fig. 5.4(b).

5.4 Discussion of Experimental Results

Optical bistabilities are observed in the etalons described above, with
microsecond pulses in the 840-nm-wavelength region; the minimum input power for
bistability is about 6 mW. The shortest pulse used to observe optical bistability is
400 ns, and is limited by the pulse generator. A typical result of the cascading
experiment is shown in the oscilloscope traces of Fig. 5.5. Note that these results are
for cases where the devices are operated in the bistable, or latching, mode. It is
possible to adjust the experimental parameters (e.g.. the etalon detuning) to make the
bistable loop extremely narrow. to approach the case of thresholding, or non-latching,
operation. We nave demonstrated thresholding operation experimentally. The bias-
beam powers in these experiments are 20-40 mW to yield sufficient gain, and the
etalon with the lower threshold is used in the first stage. The etalons were formed
by sandwiching, yielding etalons of uniform thickness. The spot with best switching
was arrived at by trial and error. Later, we made more uniform etalons using the
all-integrated, MBE-grown mirrors (see Section 4.2). Gains greater than 2 are
obtained in both cases, as demonstrated in Figures 5.4(a) and 5.4(b), but the contrast
is less in the reflection mode because of the low finesse of the cavity. The largest
gain observed is 4. where a 0.25 mW change of the output signal of the first stage
induced a change of | mW in the output signal of the second stage. The contrast at
these power levels is 5-8; contrast can be increased to about 10 through the use of

greater input powers (45-50 mW). Latching times usually are set on the order of
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Figure 54 (a) The experimental scheme for cascading in reflection
mode. M: mirror; P: pinhole; AOM: acousto-optic modulator,
BS: beam splitter;  \/2: half-wave plate;  \/4: quarter-wave plate;
PBS: polarizing beam splitter; E: nonlinear etalon; D: detector;
CAM: camera; OSC: oscilloscope. (b} The setup for cascading in
transmission mode.
microseconds to keep the device thermally stable. Similar results are expected for
etalons made from bulk GaAs material.

We found that focusing the output beam from the first device onto the second
device is crucial for experimental observation of gain. Unlike the single-beam or
two-beam experiments, where both bias and signal beams come directly from the
laser source. in this experiment the signal beam for the second stage is the output
from the first stage, reshaped spatially and temporally by the first-stage nonlinear

etalon. Spatial reshaping is attributed to the Gaussian profile of the input beam and
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Figure 5.5 Results of the cascading experiment corresponding to
Fig. 5.4(b). The traces on the left are plots of output vs input, and the
traces on the right are outputs from the second stage. The upper traces
represent the case when the first stage is "off,” and the lower traces
represent the case when the first stage is "on." The total input peak
power for each device is about 30 mW, and the input pulse length is
1.5 ps.

" to the nonlinearity of the etalon. Ideally, the limiting characteristics of the bistable
device flatten the Gaussian profile of the beam after it passes the first etalon. making
the signal beam on the secon: etalon more uniform. Experimental observations,
however, show that the signal beam on the second etalon is not always spatially
uniform after passing through the various optical components. This non-uniformity
does not seem to inhibit switching of the etalons greatly, perhaps because the beams
are focused tightly and because carrier diffusior is rapid, making the profile of the
much-stronger bias beam the dominant factor. This would explain why the best
result is always obtained when the signal beam is focused at the center of the bias
beam, in which case the signal beam has the greatest influence on the bias beam.
The temporal pulse-reshaping by the first-stage etalon makes the rising edge of the

signal beam much steeper than that of the bias beam, because the etalon switch-on
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time is much shorter than the rising edge of the input pulse. For a given pulse area.
therefore, this rahéping may even be desirable for switching on the next device (for
the quasi-steady-state case).

At room temperature, regenerative pulsations are observed for pulses longer than
a few microseconds. This means that without the use of heat sinking, cw operation
in the "real" sense, i.e., infinite latching time, is difficult to achieve. Yet, latching
times in the microsecond range may be considered "quasi-cw,” at least for fast
sequential processing applications, such as compare-and-exchange type operations
(Section 15 and [5.17]). with picosecond pulses. For example. if mode-locked pulses
of 10-ps are used with a Ilatching time of | us for the bistable gates, then
1us/10ps/pulse = 10° pulses. Even if one assumes a duty cycle of 1:100, i.e., pulses
are 1000 ps apart. one thousand pulses can be routed before the thermal effect comes
into play (power dissipated by the pulses is roughly 5 mW if each pulse has a power
of 10 pJ). Reducing the pulse spacing to 100 ps would increase the data rate to
10 Gbit/sec. Much longer latching times can be .achieved through the use of heat
sinking.

If no special procedures are followed to stabilize the dye-laser output. the
maximum gain that can be measured is limited by the noise in the laser output. A
detailed analysis of the influence of noise on transmission characteristics requires a
statistical treatment. In order to prevent noise-induced s\&itching in practice, it is
sufficient to keep the bias-beam power P, < Py, - P,. where P, is the switch-up
power and P, is the peak power of the noise. Therefore, the noise level defines a
minimum value for the power P, of the switching beam and, hence, a maximum
value for the observable gain. Let T, and T, be the etalon transmission at upper-
and lower-state, respectively, then the device gain given by Eq. (_5.1) can be written
as

Gy~ n}JJQBb. ) (5.3)
s

In the presence of noise, one must have
P‘ > Pl’l - ‘YPb N (5.4)

where 7 = P,p . to ensure reliable operation. Thus the largest device gain (Gp,,,)
observable in the presence of noise is, combining (5.3) and (5.4).
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Gmax < I“—;—Il . (5.5)

We can see from Eq. (5.5) that G,, is determined by (a) the noise in the laser
beam, and (b) the difference between the upper- and lower-state transmission of the
etalon. As an estimate, if the laser noise level is 1%, then for an etalon with 10%
upper-state nonlinear transmission (T,) operating with a contrast of about S near the
switching threshold, the maximum observable gain is about 8. We observed
fluctuations of 1%-3% in our dye laser, depending on how precisely the laser was
aligned. When powering the etalons with diode lasers, the laser must be made
stable. The stability of the laser depends on the stability of the current source and
on its temperature stability. When these parameters are controlled, the lasers can be
operated with less than 1% fluctuation. Diode lasers are much more sensitive to
feedback than are dye lasers, however; great care must be taken (e.g.. through the
use of a Faraday isolator) to avoid feedback if the stabilization circuit is to be
successful.

All etalons are operated in the bistable (latching) mode in this experiment,
although cascading can be accomplished by operating the etalons in the thresholding
(non-latching) mode. In practice, bistability may be preferred for several reasons.
Bistability serves as a natural memory. which greatly simplifies the circuitry where
latching is required. Bistability also can suppress input noise through its contrast and
hysteresis, or can increase the gain by means of its large slope. In some senses,
bistability corresponds to the Schmitt trigger used in electronics. Effective
thresholding, however, wiil be required when the etalon is operated within picosecond
time scales.

5.5 Possible Applications

Several applications may be envisioned, each placing different requirements on
the bistable etalons. For example, symbolic-substitution logic (Section 13 and [5.9,
5.10, 5.16)) requires the simultaneous operation of large arrays (probably > 100 x 100)
of pixels. Good uniformity over a relatively large etalon area (on the order of
I cm?) is required. One may want to reduce the speed requirement for a single gate,
in exchange for a lower operating power, as the pixels are densely packed. High
throughput may be achieved in this scheme through the use of simple interconnection
patterns and low fan-out requirements. Similar applications include spatial-light-
modulators with sub-microsecond (single-wavelength, cascadable) or even picosecond

(twd-wavelength) addressing times. Another application is high speed sequential
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processing, which takes advantage of the fast switching speed of a single device. An
example is the all-optical compare-and-exchange switch (Section 13 and [5.17]). With
GaAs optical logic gates, the data rate of a single self-routing channel can be
1 to 10 Gbit/sec (assuming 1000-100 ps pulse spacing, as discussed in Section 5.4).
The problem of picosecond cascading of passive nonlinear devices is not yet solved
(see Section 4). It is conceivable, however, to make use of their fast switching
speeds in logic decisions (such as gating and wavelength conversion), and then to
amplify the output signals at the same rate to maintain the overall bandwidth of the
system. The development of high-speed and high-gain laser amplifiers suggests a
means to overcome the pulse energy loss [5.18]. Thus optical switches may find

some applications in fast sequential processing.

5.6 Conclusion

In conclusion, we have demonstrated room-temperature single-wavelength optical
latching circuits using GaAs MQW etalons. The wavele: 1th and the switching
power used for cascading the devices imply that diode lasers can be used as light
sources, and small-scale compact demonstration digital optical circuitry can be built to
operate much faster than optical circuitry built previously with thermal devices.
With picosecond switch-on times, GaAs latching gates can be used in combination
with other devices operating in a non-latching, high-speed mode, to provide the high
data rates (2 GHz) required for future high-bandwidth photonic switching systems.
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6. THEORETICAL ANALYSIS OF DIFFERENTIAL GAIN
IN GaAs ETALONS AS A FUNCTION OF PULSE LENGTH

To study the variation of the differential energy gain as a function of the
temporal pulse width, numerical simulations of all-optical room-temperature GaAs
devices were performed. In these simulations the transmission of a GaAs Fabry-

Perot resonator of mirror reflectivity R and length L is computed as

I(tX1-R)?
(exwNL/2 _ R e-awNL2p 4 4R sin}§ + wAn(w,N)L/c)

6.1)

where § is the linear phase shift (detuning) and Iy(t) is the input intensity. To obtain
Eq. (6.1), the intra-cavity light-field dynamics are adiabatically eliminated. For this
approximation to be valid, it is restricted to the case where all other variables change
slowly within the time it takes for a round trip through the cavity. For a study of
dynamic effects on the round trip time scale, one must replace Eq. (6.1) with the
dynamic equations for the forward and backward travelling field inside the cavity
{6.1]. )

Through the semiconductor absorption coefficient o(w,N) and the nonlinear
portion of the refractive index An(w.N), the transmitted light intensity is coupled to
the electron-hole-pair density N in the medium. For the present study we use the
plasma theory [6.2] to compute the optical nonlinearities of bulk GaAs at room
temperature. The results have been shown to explain the experimental data [6.3]
(Section 3).

To relate the excitation density to the light intensity I inside the resonator, we

use the simple rate equation

QH - _E + ozgw.b_l) I

dt T flw : 6.2)

where 7 is the carrier relaxation time. Equations (6.1) and (6.2) are solved for both
pulsed and steady-state excitaticas. The numerical results for the transmitted
intensity as a function of the input intensity are plotted in Figs. 6.1(a)~(c) for input
pulses at a frequency w well below the exciton resonance and with pulse widths of
107, 1007, and 1000r, respectively. Results for the corresponding cw characteristics
are shown in Fig. 6.1(d). Curves 1 through 4 in each figure are hysteresis curves
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obtained for different detunings of the etalon eigenfrequency, wg. with respect to the
excitation frequency, w. The detuning is defined as Aw = wy - w, where w has
been fixed for computational convenience and the resonator eigenfrequency has been
varied. The curves in Fig. 6.1 reveal a sequence one would see experimentally if
the laser excitation spot were moved across a slightly wedged sample. Curves 2 and
3 display well-developed bistable loops similar to those observed in experiments
under the assumed operating conditions. These loops become wider for shorter pulses
because of dynamical hysteresis, and they show the interplay between the dispersive
tuning of the resonator and the saturation of the absorbing medium. In curve 2, the
initial detuning of the resonator is such that the peak transmission of the Fabry-Perot
resonator nearly coincides with the excitation frequency at the same intensity [ that
saturates the semiconductor absorption. This mixed dispersive and absorptive
behavior leads to a much higher transmission for the device. but at the price of
somewhat increased switch-on power. As shown in curves 1 and 4, the dynamical
hysteresis effect can produce seemingly bistable behavior that vanishes when longer
pulses are used. Qualitatively, these results are in agreement with those of
Ref. [6.1], where a different medium nonlinearity has been analyzed.

To obtain the differential energy gain for pulsed operation, we solve Egs. (6.1)
and (6.2) assuming two-pulse excitation. One pulse, the so-called bias pulse, is used
to bring the device near the switching threshold, and the second pulse acts as the
switch pulse. The differential energy gain then is defined as the total energy
transmitted in the presence of both bias and switch pulses minus the energy
transmitted in the presence of the bias pulse alone, divided by the switch-pulse
energy. This definition is a reasonable extension of the steady-state gain of Eq. 5.3
to the pulsed regime. Examples of the results for Gaussian-shaped pulses are plotted
in Fig. 6.2. The curves show that as pulse length is shortened, differential energy
gain decreases. For example, if the carrier lifetime is 10 ns, curve | is for a | us
pulse, giving a maximum gain of 3.7; reducing the pulse length to 100 ns eliminates
the gain. In principle, the problem could be solved by reducing 7 to 1| ps and using
100 ps pulses. Unfortunately, the power would then scale inversely with 7, that is,
bistability would require 100 W focused to a few microns.

In later simulations we used switching pulses much shorter than the carrier
lifetime and longer bias pulses to investigate the possibility of increasing the
differential energy gain by regulating the arrival of the switching pulse relative to
the bias pulse. The increase was negligible; the differential energy gain never
reached the value 2. These studies indicate that passive nonlinear etalon devices

cannot be expected to exhibit useful differential energy gain for operating pulses
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Figure 6.1 Transmitted intensity versus input intensity computed for a
= Jum GaAs etalon at room temperature for the excitation energy
W = 883.7 nm (14032 eV) well below the exciton resonance at 873.2 nm
(1420 éV). Figs. 6.1(a)-(c) are obtained assuming pulsed excitation
with a triangular pulse of full width 10t (a), 100r (b), and 10007 (c).
Figure 6.1(d) shows the steady state results. Curves ] - 4 in each
figure are for the detunings A w = wR - w = -10.7 nm (-0.0170 V),
-8.95 nm (-0.0142 V), -7.25 nm (-0.0115 &V), and 5.0 nm (-0.008 V),
respectively. wR is the resonator eigenfrequency and the mirror
reflectivity R = 0.9. The baseline for the transmitted intensity in curves
2, 3, and 4 has been shifted by 10, 20, 30 kW/cm?, respectively.

shorter than 10r. In order to achieve single-wavelength, cascadable, optical logic
gates that can operate with picosecond pulses, it will be necessary to dramatically
reduce the carrier lifetimes in the semiconductor material.

Because the bistable behavior of GaAs MQW etalons is similar to that of bulk
GaAs etalons, one can predict that the above conclusions will hold, at least
qualitatively, for the GaAs MQW etalons used in the experiment. Indeed. we
observed a decrease in the differential energy gain as the pulse length was shortened

to several hundred nanoseconds. Efforts to reduce ‘he carrier lifetime already have
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Figure 6.2 Differential energy gain versus switch-pulse intensity for

different ratios of temporal pulse width At to carrier relaxation time t.

The parameters are those of curves 2 in Fig. 6.1 and the peak intensity

of the bias pulse was kept at 17.1 kW/cm?, i.e., just below the steady

state switch-up value. (1) At/t = 100; (2) At/t = 50; (3) At/r = 25;

(4) A/t = 10.
been made by reducing the surface-to-volume ratio of the semiconductor material,
thus providing more sites for non-radiative carrier recombination. Examples are the
use of thin samples without protective AlGaAs “"windows" [6.4] and increasing
surface recombination rates through the etching of surface features [6.5]. The
reduction of pixel size will also serve this purpose [6.6]. Another promising
approach could be the use of semiconductor micro-crystallites. For the case of II-VI
compounds it has been shown that the lifetime is reduced by two to three orders of
magnitude when reducing the crystal from bulk to micro-crystallites of the order of

around 100 A [6.7].
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7. ENHANCEMENT OF DYNAMIC DIFFERENTIAL GAIN GF
GaAs ETALONS BY ANGLE TUNING OF THE SWITCH BEAM

7.1 Introduction

The dependence of differential gain in GaAs bistable etalons on the incident
angle of the switching beam is studied theoretically for the case of pulsed. single-
wavelength operation. Both dispersive and absorptive aspects of the etalon are
included. Simulations predict that differential-gain characteristics can be imgroved
significantly over the normal-incidence case by utilizing angular separation of the
pump and switching beams. The limitations of the plane-wave approximation and
the potential effect of beam walk-off are discussed.

The feasibility of GaAs Fabry-Perot etalons for use in all-optical digital
computing depends strongly on the signal gain and switching speed attainable in such
devices. In Section 5. we reported the observation of signal power gains of up to 4
in room-temperature GaAs etalons using quasi-steady-state microsecond pulses of a
single wavelength (Section S and [7.1]). In Section 6, we concluded that for pulsed
operation., the dynamic effects are always relevant in describing the device rasponse
attributed to critical slowing down and to finite material response time. In addition
we predicted, on the basis or numerical simulations, that the gain observed would
vanish as the pulse duration decreased towards the carrier lifetime of the material.
Carrier lifetimes must be reduced significantly, we concluded. if such devices are to
exhibit useful differential energy gain for picosecond pulses.

The switch-beam angle tuning analyzed in this section does not circumvent that
conclusion, but it is a way to increase the gain at any given ratio of pulse length to
carrier lifetime. In this approach, the incident angle of the switching beam is varied
with respect to that of the pump, or "holding.” beam. This variation essentially
reproduces the resonant characteristics of two-wavelength operation, in which the
effect of the switching beam on the etalon detuning is maximized. without sacrificing
cascadability. The effect of angle tuning on the steady-state switching characteristics
of etalons has been explored (see References [7.2-7.4])), where a Kerr-type model of
the material nonlinearities is used.

We performeud dynamical simulations of incident angle-dependent switching
behavior in bistable GaAs etalons, using the microscopic plasma theory [7.5] to model
the carrier-density-dependent changes in both the absorptive and dispersive

characteristics of the cavity. For devices based on band-edge nonlinearities (such as
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in GaAs), the light-matter dynamics can differ significantly from those found in a
Kerr medium. because of saturation of the absorption and because of the nonlinear
index change. Consideration oif these effects allows a more realistic appraisal of
operational tradeoffs critical to device performance.

We begin by discussing modifications that must be made to the standard Fabry-
Perot formula to account for the effect that varying the incident angle has on the
absorptive and dispersive characteristics of the etalon. We then demonstrate the
behavior of the gain as a function of angle, and show how operation at an optimal
angle reduces the required switching intensity, making increased gain possible. We
conclude by discussing the possible implications of these results for future work in
this field.

7.2 Including Angle Dependence in the Fabry-Perot Formula

For a single beam incident normally at the surface of a Fabry-Perot etalon of
length L, the transmitted intensity is given by Eq. (6.1) [7.6). Here «(w.N) and
An(w,N) are the absorption and the change in the refractive index. respectively, of
the material filling the Fabry-Perot cavity; w is the incident laser frequency; N is
tie carrier density; & is the detuning; and R is the reflection coefficient for the
etalon. I(t) is the incident beam intensity. We assume a Gaussian time dependence
for Ig(t), with the temporal full-v idth at half-maximum (FWHM) equal to t,.

The cavity length L enters into the dispersion and absorption terms in the
denominator of Eq. (6.1) as a result of the two assumptions presented below. We
take the angular dependence to alter the effective etalon length L alone (because the
angles considered here will in any case be small, we can neglect the variation of R
and T with 6). It is therefore critical to decide kow L must be modified in each
case.

a) Net phase shift between sequential passes through the cavity

The L in the phase-shift (dispersion) term arises out of the calculation of the
optical path length difference 2L between a given wave and its predecessor which
already has passed through the cavity. For non-normal incidence. this path
difference is easily calculated [7.7] to be 2Lcos(d). where 6 is the internal angle
between the propagation direction and the normal axis through the etalon. Thus we
must multiply L by cos(8) in the dispersion term.

b) Net absorptive loss in traversing the etalon

The usual boundary conditions for the cavity relate the field at the output face

of the etalon to the field incident on the input face through the standard Beer's law

intensity losses encountered in travelling a distance L from z = 0 to z = L in one
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pass. For non-normal incidence, the wave will travel a greater distance before being
reflected at the output face, and in subsequent passes through the cavity. The
‘effective length over which absorption occurs will increase 10 /22<4). Thus we

[y

must divide L by cos(d) in the absorption term:
Ep(z=L) = Eg(z=0) eif/2e-al/2cost) | (7.0

With these modifications included, the formula for the transmitted intensity
becomes: [7.8]

LT

L) = G RLe® ~ Rewtw ML) 5 aRsin(wLoos@Xng + AN/

(7.2)

7.3. Differential Energy Gain as a Function of Internal Angle Between Beams
To study the behavior of the signal gain as the internal angle is varied, we
assume the geometry of Fig. 7.1. The pump beam is incident normally on the
sample, while the switching beam strikes the etalon at an angle 6‘, entering the
material at angle & with respect to the pump beam, where 6 and 6° are related by
Snell’s law. For the field-matter interaction within the cavity, we solve Eq. (7.3)
separately for each beam, taking 6 = 0 for the pump beam. These equations are

coupled with the spatially averaged rate equation for the carrier density:

Mo Nyl (1.3)

where 7 is the carrier lifetime in the material and I, is taken as the sum of the
pump and switching intensities inside the resonator:

lior = (lt(pump) + lL(swit.ch)) l ?rR . (7.9)

When solved in the full dynamic case, Eqs. (7.2). (7.3), and (7.4) yield the
transmitted pump and switching intensities as a function of time. Although both
beams contribute to the total intensity within the cavity, the transmitted switching
pulse emerges from the sample at an angle 6’ and. presumably, will not participate
usefully in optical logic operations at the next circuit element. Thus, only the

transmitted pump beam is used in determining the gain.
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Figure 7.1 Etalon geometry for non-normally incident switching beam.

The gain calculated in this case is differential energy gain. If we define
E,(b+s) as the energy in the transmitted pump pulse when a switching pulse of
energy E, is applied, and if we define E,(b) as the energy in the pump pulse
transmitted when no switching pulse is used, then the differential gain is simply
Gy = [E (b+s) - E,(b)]/E,. as in Section 6. In Fig. 7.2, we plot this value versus the
internal angle @ between the beams. The parameters used (frequency, etalon length.
bias and switch pulse intensities) were chosen to optimize the gain for the case
6 = 0°. A clear maximum in the curve occurs at 6 = 5% where G, has increased
from the normal-incidence value of 3.8 to more than 5.0.

The origin of the gain enhancement in this case can be found in Eq. (7.2). For
the switching pulse, the cos(9) factor in the dispersion term can be viewed as an
effective downshift in the frequency w. Assuming a laser wavelength of 883.6 nm.,
an internal angle of 5° between beams will result in an effective increase of the
wavelength to 883.6/cos(5%) = 886.9 nm. In the switching process we increase the
carrier density from 10! cm~® to approximately 1.2 x 10'* cm-3, shifting the Fabry-
Perot peak from around 892.9 nm to about 886.5 nm. as shown in Fig. 7.3. Angle-
tuning of the switching pulse allows it to act on the etalon in a frequency region
where transmission is far greater than for the normal-incidence case. Thus E,(b+s) is

increased and the gain is correspondingly enhanced.
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Figure 7.2 Gain vs 0 for \ = 883.6 nm, Ipymp = 17.1 kW/cm?,
Lswitch = 0.5 kW/em?, v = 20 ps, L = 2.042 pm.

7.4 Effect of Angle-Tuning on Switching Intensity

In addition to making the switching pulse more effective by allowing it to
operate in a high-transmission frequency regime of the resonator, angle-tuning also
allows a smaller switching pulse intensity to accomplish the needed shift of the
Fabry-Perot peak. This reduces the E; needed and provides an alternative source of
increased gain, as shown in Fig. 7.4. Here curve 1 shows the behavior of the gain
as a function of switching pulse intensity for normal incidence. In this case an
intensity of approximately 400 W/cm?® is required to switch the device optimally.
Curve 2 displays the corresponding behavior for 6 = 5% a switching pulse intensity
of only 200 W/cm? is required, and the gain is enhanced by nearly a factor of 2

over the case where 8 = 0°.

75




1'0W
0.8 -

0.6 -

0.4 1

Fabry—Perot Transmission

0.2 1

0.0 v T
898 890 885 880 873

Laser Wavelength (nm)

Figure 7.3  Shift in normalized Fabry-Perot peak as non-equilibrium
charge carriers are excited. Curve a: N = [0 cm™; curve b:
N =85 x 10" em™; curve ¢: N = 12 x 10" cm™3. Increasing the
carrier density shifts the peak towards the laser frequency, assumed to
be at \ = 883.6 nm. A switch pulse angle of 8 = 5° shifts the laser line
effectively to 8C5.9 nm, where peak c is located.

7.5 Assessment of Plane-Wave Approximation and Beam Walk-off

The model for the dynamic behavior of semiconductor etalons producing the
results discussed in this paper does not take into account the characteristics of finite-
width beams. The potential effect of beam walk-off on the angle-dependent behavior
of the etalon has been ignored also. We now discuss these two important topics,
under experimental conditions for which the predictions made in the preceeding
sections are likely to be achieved.
a) Plane-wave approximation

For the plane-wave approximation to be valid, a necessary condition is Zg >> L,
where Zg is the Rayleigh length of the Gaussian input beam, and L is the cavity
length. Zg is given by [7.10] Zg = w?/A, where w is the beam waist radius and X
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Figure 7.4 Comparison of gain vs switching intensity behavior for 6 = (0°

(curve 1) and 6 = 5° (curve 2).
is the wavelength. If we consider typical experimental conditions for which
w =5 pum and \ = 0.884 um, then Zg = 25 pm?/0.884 um = 28 um. For L = 2 um,
then, Zg >> L is satisfied.

A more rigorous formulation requires Zg > mL/cosf, where m is the effective
number of times the light bounces within the cavity. Here m depends on R (the
mirror reflectivity), a (the absorption coefficient), and L. 6 is the angle between the
switching and pump beams in the cavity, which, when non-zero, tends to increase the
effective length over which absorption can take place. We will see in the next
section that m is wusually less than 10, implying mL = 20 um and allowing
Zg > mL/cos§ to be satisfied for small 8. We conclude that the plane-wave
approximation assumed in this paper holds under the experimental conditions
anticipated.

" b) Beam walk-off
Intuitively, the beam walk-off problem is minor if the beam spot size is much
greater than the etalon thickness, and if the angle of the beam is not too large. The
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amount of walk-off should also depend on-the absorption inside the cavity and on
the reflectivity of the mirrors. A good limiting condition is [7.8]:

ngrw?T
F = L > 1 (7.5)

where & is the Fresnel number, n, is the refractive index. and T is the mirror
transmission. Inserting the values n, = 3.514, w = S ym, T = 0.1, A\ = 0.884 ym, and
L = 2 um, gives & = 16. which means that the beam walk-off is probably minor.

A similar approach to the problem is to estimate m, the effective number of
times the light bounces within the cavity. One can define m in the following

manner:
E, Rm ealm/cosd o E, e-? |, (7.6)

where E, is the initial amplitude of the light field. If we take the parameters used
in the simulations, namely, R = 0.9, 8 = 5% and aL = 0.24, then m = 6. Even if
al = 0.1 is assumed, we find m = 10. The lateral shift of the beam after 10
bounces is about 3.5 um. Because the spot diameter is 10 um, most of the light
remains within the interaction region of the two beams. So, we expect the beam
walk-off problem to be minor for the conditions considered here.

It should be noted that the angle-tuning technique described in this paper may
not be effective if the light is too tightly focused, as this will result in a small spot
size (with respect to the cavity length) and a large divergence angle (i.e.. a short
Rayleigh length).

7.6 Conclusions

In dynamic simulations of bistable switching behavior where two beams address
a GaAs etalon, non-normal incidence of either the signal or switching beam has been
found to enhance the gain achievable in such devices by a factor of two for single-
wavelength, us pulses. Adjusting the angle between the two beams leads to an
increase in the amount of the pump beam which can be transmitted effectively, or to
a decrease in the signal intensity required for switching to occur. Although plane-
wave behavior is assumed in all of these simulations, these results are expected to
hold for finite-width beams as well. Further optimization of the cavity could result
in greater enhancement of the gain. Although similar enhancement effects are
expected for faster pulses, significant gain likely will remain infeasable for
pulsewidths approaching the carrier lifetime of the material used.
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8. FAN-IN OF SIGNALS TO A GaAs ETALON DEVICE

8.1 Introduction A

To be useful. an optical logic or switching device must use two or more input
signals to determine an output signal. A single output signal may be fanned-out
efficiently into multiple signals. When N beams are fanned in to a single device,
however, the efficiency is. in most cases, reduced to 1/N. This loss in efficiency
arises from interference between the beams to be fanned in if they are not precisely
phase matched, whether they are coherent or not [8.1]. There are three excéptions to
this occurrence: 1) when two beams of crossed polarization are combined; 2) when
coherent beams to be combined have certain precise phase relationships [8.2]; and
3) when it is acceptable that the input power be distributed over an area equal to
the total cross-sectional area of the beams to be fanned in. The third condition
follows from the constant radiance theorem and also can be expressed in terms of the
numerical aperture or acceptance angle of the system [8.1].

A way must be found to cope with these losses, or to use the above exceptions
to avoid the losses. Exception 2) usually is not practical. Exception 3) may be
useful when the diffusion distance in a pulse length or carrier lifetime (whichever is
shorter) exceeds the spot diameter. since in that case the light beams may not be
required to overlap. Exception 1), combining two beams of crossed polarization, is
effective, but this method is limited to a fan-in of two beams with low loss. This is
the method we will describe in the rest of this section. We attempted two other
methods to reduce losses to interference: 1) we tried bringing two focused spots
adjacent to each other. but not quite overlapping, so that they would interact with
each other through diffusion of the carriers in the GaAs, without suffering
interference effects; 2) we tried bringing two overlapping spots in at different angles
of incidence. to look at switching as a function of the angles between the beams.
With both methods we ran into experimental difficulties. We were unable to create
a satisfactory optical system for producing two nearly-overlapping focused spots.

In order to get ~15 nm diameter focused spots, we used a 10x micr-~scope
objective, and were producing two nearly-parallel beams. closely spaced, by reflecting
one beam off a mirror. However, these beams could not be brought close enough
together to fit simultaneously through the. lens, nor could they be brought close
enough to parallel to be nearly overlapping. We considered the following solutions to

these problems: 1) Use a beamsplitter to combine the beams. We would have lost
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one half of the input light, and did not have enough laser power available to follow
this option. 2) Combine two orthogonally-polarized beams with a polarizing
beamsplitter. This method works for a maximum of two beams. 3) Use a larger
lens. The microscope objective already has a very low F/#; a larger lens with the
same focusing power probably would be difficult to obtain.

We had similar difficuities when we tried to combine two beams brought in at
different angles.

Any system we made in which the spots overlapped had such large spot sizes
that there was insufficient light intensity at the center to produce switching in the
etalon. This might not have been a problem if we had been working with a more
powerful laser.

Thus the main problems we encountered did not involve interference of light
beams but with system geometry. Lenses large enough to admit two beams did not
have a focal length short enough to producé a spot small enough to make the etalon
switch. When we tried using a small lens for each beam, we had to choose lenses
with focal lengths great enough to allow us to fit the lenses close to the sample and
still see the beams exit. The resulting spot size was not small enough to produce
switching with our laser. The problem of combining the input beams without a loss
of intensity turns out not to be trivial. ‘

8.2 Experiment )

Our optical system for fan-in with crossed polarizations is shown in Fig. 8.1.
Light from a single dye laser is divided into three beams using half-wave plates and
polarizing beamsplitters. A strong beam is used as a holding beam to bias the GaAs
etalon near its switching point. Two weaker beams are used as signal beams,
representing the input of data into the device. In this design, the two signal beams
are polarized in the same direction and converge on the etalon from opposite
directions. The holding beam is polarized opposite to the signal beams, and is
combined with one of the signal beams through use of a polarizing beamsplitter.

The advantage of this system is that it allows the output signal to be separated
completely from the signal beams and their back reflections. The output signal
consists of light from the holding beam which is either transmitted by the device or
not, depending on its state. Thus it can be separated completely from the signal
beams and their back reflections by isolation of light of the desired polarization,
through use of a polarizer or polarizing beamsplitter.

We tested this system as an optical AND gate. The etalon we used contained a
sample of GaAs/AlGaAs multiple quantum wells, with 63 periods of 299-A GaAs.
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Figure 8.1 System for fan-in of three beams along a single axis, @ -ed
to produce results seen in Fig. 8.2. Two signal beams of the same

gy ey

polarization' approach the etalon from opposite directions. The holiuing

beam is polarized orthogonally to the signal beams and is combined with

signal beam 1 through use of a polarizing beamsplitter. If we replace

pellicle 2 with a polarizing beamsplitter, the entire output signal can be

isolated.
operating at a wavelength of 869.8 nm. The 299-A MQW here is the same sample
we characterized earlier. We used this MQW because the etalon was fairly uniform.
We probably could have gotten a better result with the 58-A-MQW samples we used
for the cascading experiment, but the 58-A-etalon was highly nonuniform. Results
of this experiment are shown in Fig. 8.2. Peak power of signal beam | was
5.0 mW; peak power of signal beam 2 was 3.9 mW; and the power of the holding
beam was 34 mW. Contrast between the high and low states is about 6 to 1. A
further test was performed to maximize the output power with respect to the signal-
beam power. The most favorable result showed an output of 8.5 mW for inputs of
7.0 and 3.5 mW for the two signal beams, and of 47 mW for the holding beam.
Thus, there is enough power in the output beam to switch | or 2 identical gates.
The asymmetry in the input power required suggests that further improvement may

be made. An earlier result exhibited symmetry: inputs of 7 mW for each input
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beam, with 39 mW in the holding beam, resulted in an output of 8.5 mW. In the
former case, the stronger (47 mW) holding beam evidently allowed the use of lower
signal-beam power. Possible improvements include the use of narrower quantum
wells (50- to 100-A layers instead of 299-A GaAs layers) and a more uniform

sample.

Figure 8.2 Demonstration of AND gate. (a) Output signal with all
inputs ON. (b) Background from signal beams with holding beam blocked.
(¢c) Output signal with signal beam ! OFF, signal beam 2 ON, holding
beam ON. (d) Output signal with signal beam | ON, signal beam 2
OFF, holding beam ON. In each figure, the upper trace is the input
signal and the lower trace is the output signal, with output versus input
displayed in the center. Signal beam 1 has a power of 5 mW, signal
beam 2 of 4 mW, and the holding beam 34 mW. The wavelength of each
beam is 870 nm.

Thus we have demonstrated efficient fan-in of two signal beams and a holding
beam on a GaAs etalon optical AND gate operating at a single wavelength. Even
though all beams are along a single optical axis, the output signal may be separated
completely from the input signals because the holding beam is polarized orthogonally
to the signal beams. The output power is great enough that the system should be

cascadable, which is consistent with the results of Section 7.
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9. DIRECT FIBER-ETALON-FIBER INTERFACING
9.1 Introduction ’

The optical systems for cascading and fan-in shown in Figures 5.4 and 8.1
require much space and are sensitive to misalignment. One approach we have
considered to make optical systems with GaAs etalons more compact and rugged is to
connect them with optical fibers.

The main application of optical fibers has been as carriers of information in
optical communication systems, because of their extremely high bandwidth. Full
utilization of this high information-carrying potential awaits the development of high-
speed opto-electronic or all-optical switching systems, so that the information. in the
form of short light pulses, can be encoded, routed, and processed at a speed
comparable to the fibers’ bandwidth. Recently, the use of optical fibers as
interconnects has attracted attention. An example is the use of an optical fiber to
couple light into a waveguide [9.1].

The study of optical fibers used as interconnects in a digital optical system is
increasingly important. For example, one might take advantage of the fast switch-on
times of GaAs nonlinear etalons to achieve multi-GHz multiplexing and
demultiplexing [9.2). Previous experiments showed that all-optical data switching can
be performed with GaAs etalons, with picosecond data pulses transmitted over a
I-km single-mode fiber, without affecting the device performance [9.3]). Here we
demonstrate a technique that interfaces single-mode optical fibers directly with GaAs
nonlinear etalons. In Section 9.2, we discuss the basic requirements of optical fiber
interconnects, and present some preliminary experimental results with a
GaAs/AlGaAs multiple-quantum-well (MQW) nonlinear etalon having reflective silver
coatings. The improved uniformity of GaAs etalons with mirrors grown by MBE is
discussed in Section 9.3. This improvement allows immediate extension of this
technique to the fabrication of small arrays of optical fibers and optical logic gates.
A more detailed discussion of the implications of this technique is given in
Section 9.4.

9.2 Fiber-Etalon-Fiber Interfacing In Transmission
It is well known that in order to switch a nonlinear optical logic gate such as a
nonlinear etalon, a focused spot of light is required to induce sufficient nonlinearity.

If several such logic gates are to be interconnected, the output light from one logic
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gate must be focused onto another. Usually lenses, prisms, mirrors and holograms are
used as interconnection elements, but cne often encounters problems in the
implementation of a real system. These problems include restrictions in the volume
of the interconnection elements; achieving appropriate spot sizes and uniformity;
flatness of the focal plane; constraints in aberrations and beam divergences; the
alignment, fan-in and fan-out of multiple beams; interference and cross-talk among
different channels; timing of the light pulses; and the efficiency, cost. and ruggedness
of a system. Considering these problems., conventional interconnection elements may
not always be the best. Optical fiber interconnection, in combination with free-space
interconnection. may prove to be advantageous in many optical signal processing and
photonic switching applications, especially in those requiring a high data rate but not
large scale parallelism [9.2-9.4] (Section 15). It is premature at this stage to give a
more complete analysis of the potential of fiber interconnects. Initial results have
shown great promise, however.

As stated earlier, the relative merits of fiber interconnects and of free-space
interconnects are system-dependent; in most cases the optimum choice may be a
combination of both. There are some basic system-independent requirements that
- must be satisfied for cptical-fiber interconnects to be useful and competitive. We

begin our research by studying some of these basic requirements:

a) that a fiber can be interfaced directly to an optical logic gate, that is, that
the output of a fiber can be used to switch the gate directly. without using
other optical components to re-focus the beam;

b) that a fiber collect the output of a logic gate easily and efficiently, so that
the signal can be sent on to other logic gates without much loss;

c) that the overall efficiency of the system be competitive. This requirement
demands a high coupling efficiency between a light source and a fiber;
comparable or lower switching power when the output is from a fiber,
relative to that when using a focusing lens; and a high efficiency in
coupling the output light from a logic gate into a fiber.

Our experiments are designed to test whether these basic requirements are
satisfied by optical fiber interconnects. The optical fibers used in our experiment
are from AMP Incorporated. The ends of these fibers are polished and mounted in
ceramic housings. The fibers are 3 to 4 meters in length, and their core diameter is
10 um. The light source is a CR590 dye laser pumped by an argon ion laser. The
dye laser has a tunability from 815 nm to 905 nm. The laser beam is modulated by

an acousto-optic modulator to give pulses of several microseconds in duration. The
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repetition rate of the pulses is kept low to avoid etalon-heating effects. The laser
light is coupled into the input fiber through use of a 10x microscope objective with a
numeric aperture of 0.3. The output ends of the fibers are imaged onto an infrared
camera to allow the corresponding modes to be examined with a TV monitor. The
fibers are designed for optimum use in the 1.3-um wavelength region. To use the
laser light efficiently, the relative lens-fiber position is such that the output from the
fiber is as uniform as possible. The total loss (occurring mainly during coupling of
the light into the fiber) can be limited to less than 3 dB with little effort. A
nonlinear etalon is placed against the output end of the input fiber; a similar fiber is
placed behind the etalon to collect its output. The experimental setup is shown in
Fig. 9.1(a).
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Figure 9.1 Experimental setup for .interfacing fibers with a nonlinear
etalon operating (a) in transmission mode and (b) in reflection mode.

Etalons made previously by sandwiching the nonlinear crystal between two
dielectric mirrors (Section 4 and [9.5]) are not suitable for this experiment; the
mirrors were deposited on glass cover-slips of a few hundred micrometers in
thickness, making it difficult to collect the transmitted light. The nonlinear etalon
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used in this experiment was made by coating both sides of a [80-period
58-A GaAs/96-A AlGaAs MQW crystal with an area of 2 mm*, with silver 400 A
thick, resulting in reflectivities of about 85%. The 58A-MQW sample was chosen
because the etalon peak in this sample was near the wavelength of the peak power
of our laser. Optical bistability is observed (see Fig. 9.2) at a wavelength of 842 nm
when the etalon is sandwiched between the two fibers (Fig. 9.3). Although the beam
diverges upon exiting the input fiber, its diameter is not much larger at the entrance
of the output fiber. This is because the total thickness of the etalon is small (a few
micrometers) and the refractive index of the etalon material is large. In fact. more

than 70% of the light transmitted through the etalon is recollected by the output
fiber.

Figure 9.2 Optical bistability observed from the output fiber, with the
etalon switched by the light from the input fiber directly (without using a
lens to focus the beam). The input power is about 60 mW.

400A Ag COATING

INPUT FIBRR

GaAs/AlGaAs
MULTIPLE-QUANTUM-WELL

Figure 9.3 Interfacing technique used to bring light into and out of a
nonlinear etalon with optical fibers as interconnects.
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An interesting trade-off in switching-power results when using a lens-fiber
combination rather than a lens alone to switch the etalon. In the experiment with
the silver-coated etalon, the power required for observing optical bistability is about
100 mW if a 10x microscope objective is used to focus the light onto the etalon, and
results in a spot size of around 13 pm. If the same objective is used to couple light
into a single-mode optical fiber (with a loss of less than 3 dB), and the output from
the fiber is used to switch the same etalon. then the required switching power is
only about 60 mW, but results in the same light intensity on the etalon. This
reduction in required power. confirmed in experiments employing samples with
integrated mirrors operating in reflection mode, will be discussed in more detail in
the next section.

9.3 Fiber-Etalon Coupling in Reflection

Using Devices With MBE-Grown Mirrors

Etalons with highly uniform properties are desirable if one is to operate a large
number of optical logic gates under similar conditions, as in an array to be used for
parallel processing. The nonuniformity of the etalons made previously [9.5, 9.6] is
caused mainly by variations in the thickness of the optical adhesive used to glue the
dielectric mirrors onto the nonlinear crystal, and to the wedges that are introduced
during the chemical-etching process. The uniformity of an etalon may be improved
by growing mirrors on the sample when it is fabricated. rather than adding the
mirrors to the etalon after fabrication of the nonlinear optical material.

Such an etalon was designed and grown by MBE (see Section 4). For
simplicity, in our first attempt at fabricating an etalon with integrated mirrors we
specified a nonlinear layer of bulk GaAs 1.6-um thick. The mirrors are fabricated
from alternating layers of AlAs and GaAs forming quarter-wave stacks on a substrate
of semi-insulating GaAs, as shown in Fig. 4.8. The uniformity is greatly improved
over the etalons made previously by adding mirrors after growing the nonlinear
crystal t9.5. 9.6]. The finesse of the etalon is about 20, with a 2.1-nm linewidth
(FWHM). The peak wavelength of the Fabry-Perot cavity is located at 891.1 nm in
the center of the wafer. Over a | cm? area at the center of the wafer, the Fabry-
Perot resonance shifts monotonically by only three linewidths (see Sections 4 and 12).
The shift is even less in a smaller region; for a half-circle of radius of about 6-mm
around the center, the peak is shifted only one linewidth. Optical bistability can be
seen at a wavelength of around 888 nm by focusing the beam directly on the etalon.

The experimental setup for fiber-etalon-fiber interfacing is shown in Fig. 9.iib).
The light reflected from the etalon is collected by the same fiber that transmits the
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incident light, and a beamsplitter is used to divert a portion of the reflected light into
a detector. Figure 9.4 shows the bistability curve of the light reflected back through
the fiber. In this experiment more than 50% of the reflected light came back through
the fiber and the lens, and the beamsplitter reflected about 7% of that light into the
detector. By using a polarization-preserving fiber or an ordinary fiber with a short
length (so that most of the polarization is maintained) in combination with a
polarizing beam splitter and a quarter-wave plate [9.5] (Section 5), it is possible to
collect most of the reflected light. Operating the etalon in reflection mode alleviates
the problem of fiber alignment in fiber-etalon-fiber coupling, as the output fiber is
also the input fiber. If thermal effects degrade the operation of an etalon based on
an electronic nonlinearity, one side of the etalon may be mounted to a heat sink
when the etalon is operated in the reflective mode.

Figure 9.4 Optical bistability seen in the light reflec:..” -ack into the
fiber, corresponding to the setup shown in Fig. 9.1(b). rhe switching
power is about 26 mW. The contrast between high and low states is
about 3:1 when background reflections from the optical system are
subtracted.

The switching-power tradesoff seen in transmission mode is seen also in
reflection mode. The etalon was switched with 26 mW when it was interfaced with
the river, whereas 42 mW was required when light was focused directly on the
etalon using a 10x microscope objective, giving a spot size of about 13 um.
Measurements for use of a 16x microscope objective suggest that there is probably a
reduction in switching power with a smaller spot size. However, use of a smaller
apparent spot size wiil aot always reduce (he swiicniug power, because the effective

spot size in the time regimes of the experiment can be increased significantly by
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diffusion of the photo-generated carriers. [t has also been shown that using the
lower-order modes of the fiber requires less switching power than does using the
‘higher order modes, since the corresponding intensity distribution is more favorable.
This means that a fiber could act like a spatial filter that cleans up the initially
aberrated wavefront, thus giving a lower switching power. A more detailed study is
required to determine the combined effects of the mode quality and the optimum spot
size (which could be diffusion-limited) on the switching power. When a 10x
objective is used to couple light into the fiber the coupling loss is less than 3 dB.
Further improvements on the coupling efficiency are expected with a better match of

the numerical aperture of the focusing lens and the modes inside the fiber.

9.4 Discussion

The experimental results described in Sections 9.2 and 9.3 show that fiter
interconnects satisfy the basic requirements listed in Section 9.2. The fibers can be
interfaced directly to optical logic gates (nonlinear etalons in our case), and the output
from a gate can be collected efficiently by a fiber (a 50-70% efficiency has been
demonstrated). The overall system efficiency is also competitive; light can be coupled
into a fiber with a loss of less than 3 dB loss without much difficulty, and the
switching power using the output light from a fiber can be lower than that for light
focused by a lens that couples it into the fiber. Further improvement in system
efficiency is achievable through use of single-mode fibers designed to operate in the
850-nm wavelength region. An example is the experimentally demonstrated coupling
efficiency of 75%. using a 40x objective lens to couple light into a S-um-core
fiber [9.3]. A reduction of switching power is also expected with a smaller core
size using our technique (which may be difficult if a lens is used to re-collect the
output light from the fiber, resulting in losses and aberrations), and the fibers can
easily be glued to the etalon to improve the stability. The uniformity of the GaAs
etalon with mirrors grown by MBE allows immediate extension of our current results
to fiber arrays. This technique also is easily extendable to similar devices, such as
InGaAs/InP-MQW etalons that operate in the 1.55-um wavelength region [9.7).

The potential for optical fiber interconnections in an optical processor depends—
critically—on the architecture of the processor. In general, optical processor
architecture can be divided into two categories: serial and parallel. An example of
high-bandwidth serial processing is the photonic switching used in optical
communications, where a large amount of information is multiplexed i.lo a few
channels. Suppose an optical processor (such as a demultiplexer) made with optical

switches (such as nonlinear etalons or waveguides) is used to process the information.
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Because the light signal is already inside a fiber in this case. the simplest
interconnection scheme may be to bring the light from the fiber to the optical logic
gates directly, using fiber interconnects. For example, in the all-optical compare-and-
exchange switches discussed in Section 15, some lenses and prisms can be replaced
by fibers. Pulses from different sources can be combined by using fiber couplers,
and their timings can be adjusted easily by choosing the appropriate fiber length (an
accuracy within a few picoseconds is relatively easy to achieve). In these processors,
the use of fibers may make the whole system more efficient and more rugged, and
may also reduce the volume and cost. Optical fibers may even be used as an
efficient interface between different types of optical switches. such as nonlinear
etalons and nonlinear waveguides.

Optical fiber interconnection may be able to preserve its advantage even with a
limited amount of parallelism. For example, significant enhancement of system
capability could be achieved with a moderate extension to a 10x10 fiber array, which
would give 100 parallel channels. What fiber interconnection can offer, in addition
to the advantages discussed above, is: the fixed spot size; the uniformity of the spot
size and the light level for each spot; the extremely low cross-talk between the
channels; ease of control of beam divergences (especially for beams coming from
different sources); and the fixed angle of incidence. However, the extension of fiber
interconnects to applications that require large-scale parallelism (such as the parallel
operation of 10* to 10° pixels on an etalon) does not seem feasible at this stage,
because coupling light into a large number of optical fibers is difficult. Another
possible disadvantage for fiber interconnection is its limited packing-density; it is
difficult to obtain inter-pixel separations of less than 100 um because of the cladding
size. Free-space interconnection is clearly preferred in this case. A combination of

free-space and fiber interconnections may be the best choice for some applications.

9.5 Conclusions

We have demonstrated that a nonlinear etalon can be interfaced directly and
efficiently with optical fibers. This result may lead to a number of interesting
developments, such as the 2-D and 3-D integration of fiber interconnects and optical
logic elements. The use of fibers with multiple inputs and the availability of various
kinds of fiber couplers will allow fan-in and fan-out of more beams. One important
advantage of optical fiber interconnects is that they are system-dependent; they may

play an important role in a high-speed or complex digital-optical system.




10. HOLOGRAPHIC OPTICAL INTERCONNECTS (10.1]

10.1 Introduction to Optical interconnects

This section addresses issues specifically related to optical interconnection. Two
optical-interconnect applications will be discussed. The first is the case for an
optical computing system in which optical interconnects are an essential element for
implementing optical-computing architectures. = For example, a globally connected
neural network system requires that each neuron be connected to other neurons with
dynamical interconnections [10.2, 10.3]. Other applications of regular optical
interconnects can be found in digital optical computing, as described in Section 13
[10.4, 10.5]).

The second application of optical interconnects is the connection of electronic
integrated circuits (ICs). Photonic interconnect techniques are necessary in part
because of the trend to reduce the size of electronic devices. Other related problems
are the power requirements for output lines, interconnect complexity. time delay, and
transmission line mismatch.

The development of ultrashort pulse generation, e.g. as short as = 8 fs by
optical techniques [10.6] and ultrafast switch-on times of all-optical bistable logic
gates, e.g. several picoseconds in GaAs etalons, indicated a computation potential that
is several orders of magnitude faster than electronic counterparts. It also permits the
evaluation of systems limited by photon rather than electron transport mechanism.

To achieve both fast processing and large optical communication bandwidth
simultaneously, intermediate optical-to-electrical and electrical-to-optical conversions
must be eliminated. This can be accomplished by using optical gates in conjunction
with optical connections of these gates. Therefore. a driving force for optical
interconnection here is to provide an environment as optical as possible., so that all
computation can be performed optically to fully explore the limits of the optical
environment. As described in the demonstrations of optical computing (Section 13),
utilization of classical optics and diffraction optics is clearly appropriate for
implementing free-space optical interconnects for an array of all-optical logic gates.

The optical-interconnects techniques employed for optical computing can also be
extended to solve interconnection problems in VLSI technology. Both applications can
take advantage of the intrinsic properties of optics: speed, parallelism, and
interference immunity. For example, both the interconnection among neurons and the

clock signal distribution among chips require some or all cf these properties. In the
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remainder of this section. some problems of electrical interconnects are discussed. and
the use of optical interconnection as an alternative solution to these problems is
addressed.

Figure 10.1 shows the history of the scale of integration for silicon ICs (10.7].
The progress made in the very large scale integration (VLSI) technology suggests that
electronic-system performance can be improved and the cost reduced by developing
smaller devices, and by using only a few ICs with faster device speeds and lower
power requirements. to perform the functions of many ICs. However. this trend
cannot continue indefinitely. Two factors that limit the reduction in scale are the
device density per unit area and signal propagation delays between devices and
integrated circuits.
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Figure 10.1 Trend of VLSI capability (from AT &T Technical Journal,
1987).

(1) Physical Space Limitation

It is noted from Fig. 10.1 that the maximum number of components per chip
has increased approximately by a factor of 100 in the last ten years. As the number
of devices increases, the number of output/input connectors and intrachip

interconnections also must increase. One relationship that describes the corresponding
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number of input/output pins and the number of gates on a chip can be estimated by
Rent’s rule [10.8, 10.9],

p = kg? . (10.1)

where p is the number of pins per package. g is the number of gates in the package.
k is a parameter in the range from 3 to 6, and a is from 0.45 to 0.55 for random
logic systems. A typical chip with a l-cm?® area can accommodate 8000 gates,
requiring 170 to 840 pins. [Each pin needs a bonding pad that occupies an
approximately 100-gm-x-100-um area. .

It is also noted from Fig. 10.1 that the size of a conventional logic device has
decreased approximately by a factor of 10 in the past twenty years. A factor of
about three to five smaller will produce a minimum channel length of = 0.25 to
0.5 um for a silicon MOS device [10.10, 10.11). Further reduction in size is not
expected to produpe useful devices.

As circuits are scaled down, more and more devices are packaged together over
the same area. Thcrefore the spacing between lines decreases, and the density of
electrical interconnects increases. The scaling effect brings about several problems.
such as RC time delay, crosstalk, and heat dissipation. RC time delay is associated
with electrical interconnects and can be a significant portion of the total circuit delay
for VLSI [10.12]. Crosstalk is attributable to the capacitive and inductive coupling
between two parallel electric lines whenever they are placed close to each other. As
the line spacing is reduced., the capacitive crosstalk, which is also a sinusoidal
function of line length, will dominate [10.13]. The heat-dissipation problem is the
result of power losses encountered when switching large numbers of devices per unit
volume. This is further aggravated by an increase in the speed of logic devices and
will be discussed later.

(I1I) Propagation Time Delay Limitation

When an electrical signal propagates along a wire, the propagation speed is
equal to c/Je_,. where ¢ is the speed of light and ¢, the dielectric constant of the
insulator surrounding the wire. For a fiberglass PC board, the dielectric constant is
approximately 4; therefore signals travel at the speed of about 15 cm per nanosecond.
At high computational speeds, the rise time of a signal can be subnanosecond;
therefore the interconnection length needs to be at most a few tens of centimeters to
prevent propagation delay. However, in general, on-board interconnect line lengths

can vary from less than a centimeter to almost one meter. which imposes limits on
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computational speed. Therefore, when designing microelectronic packaging, it is
critical to minimize wire lengths and to maximize circuit density. As a rule of
thumb for the design. the length of interconnection should be comparable to the
physical distance that a signal itself occupies so that the interconnection delay

becomes negligible. The condition can be expressed as

L (cm) € vr, = 30(cm/nsec) 7 (nsec)  30p ‘ (10.2)

Ve Ve B

where v is the signal propagation speed along a wire; 7, is the pulse rise time,
which occupies a small fraction p of the pulse and p is generally required to be less
than 0.15 for logic operation; the bit rate B is the reciprocal of pulse duration. For
example, if the maximum clocking frequency of a silicon circuit 1s about [ GHz,
interconnection lengths should be less than 90 mm. In a GaAs circuit operating at
10 GHz, interconnect length should be less than 16 mm.  Therefore, electrical
connection lengths of a few millimeters can pose a potential delay problem.

Referring to Eq. (10.2), one may consider the material of a dielectric constant
lower than silicon, e.g. polyimide (¢, = 3.2-3.8) as an alternative for signal
transmission media because, for a given 7., lower values of ¢ allow longer
interconnection lengths. The improvement by reducing the dielectric constant is not
significant because the dielectric constant is frequency and temperature dependent.
In the extreme case, the maximum improvement from this idea will be a factor of
two when L S cr,, that is, ¢, = 1. But this is not possible because the signal is then
travelling in vacuum and not in a wire.

Another alternative might be to utilize- a superconductive material, which offers
the following advantages for interconnects: nejligible loss, higher phase velocity,
virtually nonexistent dispersion. However, the integrated capability of
superconductive materials with silicon or gallium arsenide circuits and the termination
procedures are unknown. [In addition. room-temperature operation has not been
achieved yet.

Problems also occur when high-frequency signals propagate along interconnects
of a highly dense circuit. An electrical wire can be treated as a simple conductor;
however each interconnect in a highly dense circuit cannot. It should be treated as
a distributed transmission line [10.14)]. In addition, the layout of electrical
interconnections often requires that lines be bent and/or split, causing impedance

mismatches at junctions. The reflection coefficient of a capacitive mismatch C can

94




be approximated by pc = R C/r,. and by p = L(Ry7,) for an inductive mismatch,
where Ry, C, and L are resistance, capacitance. and inductance of a transmission line
respectively, and 7, is the rise time of a pulse [10.15]. Clearly, the power that
results from impedance mismatch will increase with high frequencies. In packagiug.
it is therefcre essential to have well designed interconnects, matching terminations and
connectors to reduce to an acceptable level the effects of reflected signals. crosstalk,
and signal attenuation.

Heat removal is one challenging problem in the packaging design.
Interconnection lines of electronic systems musi be charged and discharged, giving a

dynamic switching power, which can be expressed as
Pline = (l/z)clinol"vlzogicf . (10.3)

where Cy,, is a line capacitance per u ‘it length, L is line length, Vi, ;. is the logic
voltage swing. and f is the clocking frequency. When the clocking speed is high.
from Eq. (10.3), the heat generated per unit volume becomes large, and the thermal
problem becomes even worse as the packaging density is increased [10.8]. In
addition, line termination is necessary when line length is longer than the condition
of Eq. (10.2), which requires relatively high-power consumption [10.16].

Optical interconnections, extensively used for long-distance telephone
communications, have also been adapted for use with short-distance local area
networks, and for machine-to-machine computer connections. At the machine-to-
machine level, the use of optical fibers rather than the electrical cables has become a
trend because of several overwhelming advantages: low crosstalk (thus less coaxial
sheath); low attenuation per unit line length (thus fewer repeaters); high bandwidth
and low dispersion (preserving sharp signal transitions); and immunity to
electromagnetic interference (EMI). Consequently, optical fibers are widely applied to
provide superior performance and cost-effective interconnections.

At the chip-tochip level and the board-to-board level. it was reported that
optical interconnects have the potential to overcome the previously mentioned
limitations of electrical interconnects [10.17, 10.18). Difficulties with optoelectronic
packaging remain an issue, and it is difficult to determine the lowest level at which
optics will make an impact. It is expected, however, that several advantages can be
offered by replacing certain critical electrical transmission lines with optical
interconnects: 1) fewer layers of metallization and polysilicon on the chip; 2) faster
and larger fan-out communication with much less clock skew; 3) fewer electrical pins
per chip; 4) direct access to locations away from the edges of the chip for testing:

5) capability of reprogrammable interconnections.
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Waveguide, fiber, and free-space interconnections have been proposed at the
chip-to-chip level. Interconnects using only opticai fibers are not practical, because
the connections consume too much space on an IC chip. Research on waveguide
couplers using integrated prisms or gratings will nelp to couple modulated signals
from laser diodes into on-chip waveguides for near-term chip-to-chip optical
interconnections. However, in all cases a waveguide must be integrated and
constrained to the IC plane. Waveguides also suffer from bendins loss and coupling
loss.

An alternative to guided-wave optics is free-space interconnccts. This
alternative offers potential advantages over guided-wave interconnects: 1) freedom
from the planar constramt; 2) potential increased device density bhecause space
previously dedicated to waveguide or electrical interconrects on a cl.ip is available,
and 3) considerable freedom in designing the interconnection pattern aud in
reprogramming the pattern.

To achieve the above advantages, holographic optical elements (HOEs) should
fulfill the following requirements: i) high efficiency, to reduce source power
consumption; ii) capability of generating tightly focused spots at the detector a :a; iii)
capability of generating arbitrary interconnect patterns; iv) reasonable misalignment
tolerance to facilitate automated assembly; v) reasonable wavelength tolerance to
accommodate the spectral distributions that are characteristics of laser diodes.

Computer-generated holograms (CGHs) are considered very general elements for
producing arbitrary wavefronts of even nonexistent objects. This capability is very
appropriate to provide the flexibility required for interconnects. However., CGHs
generated by common plotters often suffer from tw~ limitations. namely low-
diffraction efficiency and little separation of the desired diffraction output from
strong dc background caused by the smali space bandwidth product of the plotters.
The use of electron-beam lithographv to write a hologram can significantly increase
space-bandwidth product [10.19). Electron-heam techniques are, however, quite
expensive and not easily accessible. Alternatively, optically recorded holograms can
approach diffraction efficiencies near 100% in recording material such as c¢.chromated
gelatin (DCG). Therefore, the idea of using a CGH to generate desirable wavefronts
and then recording them in DCG material is expected to combine the flexibility of
CGHs with the high diffraction efficiency and reconstruction fidelity of DCG [10.20,
10.21].

In the remaining subsections the design technique for constructing a CGH is
described. A binary phase grating, which is capable of generating multiple beams of

equal intensities and controlled angular separations, is used as an example. These
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phase gratings are potentially important for regular optical interccanects as will be
seen from the experimental results presented later.

A review of the coupled wave theory for thick holograms is then given with
emphasis on the experimental results. Finally, an experiment that copies a CGH onto
a DCG is demonstrated; results and applications are discussed.

10.2 Binary Phase Grating as CGH

Surface relief gratings have been extensively studied by many researchers.
Detailed mathematical treatments of surface relief gratings can be found in the
literature [10.22. 10.23, 10.24). For optical-interconnect applications, it is often
desirable to have a device that can split a single input beam into multiple equal
output beams. High diffraction efficiency is also required for efficient power
distribution. A binary phase grating is capable of generating multiple beams with
high diffraction efficiency [10.25, 10.26. 10.27, 10.28]). The diffraction efficiency (n)
of a grating is defined as the total power diffracted into the desired image field
divided by the total power incident on the grating. Diffraction efficiencies of over

80% or more can be achieved with some binary phase gratings [10.28]. A motivating
factor for developing binary phase gratings is to use them as efficient multiple beam
splitters to meet the need of opitcal interconnection in optical computing and to show
the feasibility of implementing these elements as optical interconnects for VLSI
technology. Other applications for binary phase gratings include multiple imaging.
star couplers [10.26, 10.29], coherent summation of laser beams [10.30], laser beam
profile shaping [10.31], optical testing, and innovative optical applications such as
aspheric lens testing in the IR regime.

Design Work

Consider a binary phase grating with a periodically rectangular phase profile as
shown in Fig. 10.2(a), where the phase angle has two discrete values t¢,. It is well
known that a thin grating can diffract an incident beam into many orders [10.32].
For a normally incident beam, the diffracted beams are governed by the following
grating equation

dsinf,, = mA, (10.4a)

where d is the grating period; m is the diffraction order and 6, is the diffraction
angle of m-th order.
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Figure 10.2 Binary phase grating with: (a) simple structure; (b) involved
structure.

The optical transparency function of the grating o{x) shown in Fig. 10.2(a) can

be written as
olx) = [e-“‘o rect[’“d 4] + ¢i%0 rect[ﬂﬁ‘-]]' 1comb [5] (10.4b)
w w d d

where * is a convolution operation and w is the slit width.
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Assuming that the grating is illuminated by a plane wave, the amplitude of the

m-th diffraction order in the far field can be calculated by taking the Fourier
“transform [10.33] of the transparency function of(x) of the grating. Using Eq. (10.4a),

the normalized Fourier transform amplitude in the far field is

o0

o) = F{olx)} = J dxo(x)e-iiz"fx

-0

= 2w-sinc(wé)cos(@g -rdé/2)comb(d§)

o0

- 2sin§anWZdn,cos(¢o+,,m/2) Z 8(sinb, -mA/d) . (10.4¢)

mn
m = =0

where ¢ = x/Az = sinf,/A. The intensity of the m-th diffraction order is given by
I, = |O@B,)|2 Therefore the diffraction efficiency of the m-th order can be
expressed as

S Iy - 4[sin(mﬂgw[dn]zcosz(¢0+,,m/2), (10.4d)
incident ma

From Eq. (10.4d), for a 50% duty cycle, i.e., w/d = 2, the maximum diffraction
efficiency for two equal beams occurs when ¢, = 90°. which produces I, = 0,
I, = 4/7* and n = 81%. For three equal beams to occur, the phase angle needs to
be ¢y = 57.52°, which results in Iy = I;;, and 9 = 86.5%. For larger numbers of
diffracted beams, it is not possible to obtain equal amplitude solutions with
Eq. (10.4d) for a fixed w/d because there are not enough free variables to satisfy the
equations needed for equal intensities.

However, by using different groove widths within an individual grating period,
multiple beams can be formed with equal intensities. One design approach to binary
phase gratings is adapted from the technique of Lee [10.27, 10.28). For this
approach, parameters including transition points x;, Xj. «Xq and the phase angle ¢,
are determined and‘ optimized so that N central diffraction orders will not only have
the maximum diffraction efficiency but also have equal intensities (Fig. 10.2b).

The intensity distribution of N beams in the far field is calculated by taking
the Fourier transform of each slit of the grating and summing the diffracted
intensity. Here, a slit is defined as the interval between two adjacent transition
points, and uniform illumination on the grating is assumed.
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The diffracted complex amplitude in the far field from a single slit of the
grating is described by

A () = F {rect(x/wm)e’id’o} . (10.5)

where ¢ ® x/Az = sind /A; K is a normalization factor; n is the n-th slit, w, is the
width of the n-th slit defined as w, = x;,;-X;. 0, is the diffraction angle of the
grating measured in radians; and ¢, is the phase term of the n-th slit. The ¢, in
Fig. 10.2b is the phase change relative to a substrate as experienced by light passing
through its thickness, and is related to the refractive index of the phase layer n and
phase layer thickness t by ¢y = (2r/A)(n-I)t.

Referring to Eq. (10.5), the total complex amplitude diffracted by the illuminated
grating is the summation of each individual diffracted amplitude from each
illuminated slit:

M

AR = Z i Kw, sinc (W,0, /) [(cosp,, +ising )] . (10.6)
k = 0n=lI

where ¢ is defined as before; M is the total number of illuminated grating periods; q
is the number of slits within a grating period; K is again the normalization factor;
®am is the phase term due to the n-th slit of the m-th illuminated grating period and
can be expressed as

Pam = CrA)md+x,)sinby, +¢g . (10.7)

where m is the m-th grating period illuminated by the incident beam; d is, again, the
grating period; x, is the center location of nth slit.

The grating period d and the numbe;r of grating periods M required to be
illuminated are determined by the application. @ One example is illustrated in
Fig. 10.3, which depicts an optical system for generating a set of focused spots to
switch an array of optical logic gates. The dimension of each GaAs etalon in the
array is assumed to be approximately 9 um x 9 um square. The separation Ah
between two gates has to be at least two times larger than the gate's dimension to
prevent significant crosstalk by means of diffusion. Referring to Fig. 10.3, for a
normally incident beam (6; = 0), the grating equation is
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d(sinb,, -sin6;) = dsinf, = mA m = 0.£1,22...2N/2.... ,
or

Shy o, (10.8)

f2+hg,

where m is the diffraction order; 8, is the diffraction angle of the m-th diffraction
order; N is the number of equal beams; h, is the distance between the center of the
m-th beam and the optical axis, which can be expressed from Eq. (10.8) as

f
Vid/mX)2-1

hy =

(10.9)

From Eq. (10.9). the grating period must be greater than the diffraction order times
the illuminating wavelength.

i\

PG L Detecor Plane
or NOLG

Figure 10.3 Scheme of optical system to generate an array of focused
spots for the multiple switching on optical logic gates.

In general, since the focal length f of a lens used in this optical system is much
greater than the separation of two beams Ah, for small angle approximation (if
0 < 15° then sin® = @ with relative error S 1%) we have

Ah = M/d . (10.10)
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For diffraction-limited resolution and non-overlapping diffraction pattern., one needs
2 x 2.44\f/D) < Ah , (10.11)

where D is the diameter of the incident beam.  Substituting Eq. (10.10) into
Eq. (10.11), we have M « D/d 2 4.88, that is, the diameter of the incident beam
should at least illuminate five grating periods to prevent crosstalk during the
switching operation of a GaAs-etalon array.

The diffracted intensity of each order I;.l,....IN can be obtained by multiplying
the amplitude given in Eq. (10.6) by its complex conjugate. Optimization is
necessary in order to find the maximum diffraction efficiency AW Wa....Wa. @)
under the constraint of I; = I, = ... = Iy. Numerical methods such as Lagrangian
techniques can be applied in the optimization [10.34]. The number of transition
points is determined by the existence requirement of the solution. namely, the number
of parameters in 7 should equal the number of constraints set by the requirement of
[[f ], m..=1y and a maximum 1. When N is even, N = 2p,

n= Zilk /lincident» 20d Wwhen N is odd, N = 2p+l, 9 = |2 i +Ig {/lincident -
k=t (k=1)Iy

The required number of transition points q for odd and even values of p can be

given by [10.29)

q = p+l for odd p
q = p+2 for even p.

The design procedure was programmed and run on a personal computer.
Parameters w;.wj...wW,. ¢y were varied untii a maximum overall diffraction
efficiency with equal amplitude in central diffraction orders was obtained. Figure
104 shbws the phase profile of a nine-beam grating and the resuitant diffracted
intensity pattern. Application of nine- and two-beam binary phase gratings are
demonstrated in the three-spot pattern recognition experiment in Section 13. The
following section discusses a proposal for fabricating binary phase gratings.
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Figure 10.4 Design of a binary phase grating for generating nine equal
beams; (a) phase profile, (b) intensity distribution.
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Grating Fabrication

Binary phase gratings can be fabricated using IC lithographic techniques. The
fabrication process involves substrate preparation, phase-layer coating, photomasks
generation and contact copying. plasma etching, and testing. Other methods
employing direct encoding and etching on a glass substrate have been demonstrated
[10.27, 10.28). Control of the etching depth is a critical parameter in these
techniques.

A typical wafer of single-crystal sapphire (Al,0y) with c-axis parallel to the
beam direction can be used as a substrate (n = 0.59). Surface quality of 60-30
(scratch-dig) and \/4 flatness is generally required for the substrate.

A transparent dielectric material is used for the groove material, for example,
silicon dioxide for infrared to visible. Moreover, gratings made of silicon dioxide are
lightweight and rugged. with high damage threshold. and are relatively insensitive to
changes in temperature and humidity. A SiO, layer can be coated on a sapphire
substrate using either chemical vapor deposition (CVD) or electron-gun sputtering
techniques. A thin, quarter-wave SiO, layer can also be deposited on the back of
the substrate as an antireflection coating to further reduce the Fresnel loss of 5% to
2%. The coated phase layer should be several hundred angstrom thicker than the
design thickness, allowing deviation due to the uncertainty of refractive indices of a
thin film material. An ellipsometer can be used to measure the refractive index of
SiO, film at a certain wavelength; refractive indices at other wavelengths can be
estimated through the interpolation method. Typical refractive indices of SiO, used
for the designs discussed in the previous section were n 2 1.465 for \ = 632.8 nm,
and n = 1.481 for A = 514.5 nm, respectively.

A photomask is used to transfer the phase profile to the SiO, layer. The mask
consists of a series of chromium stripes laid on a flat glass substrate. The width
and the location of each stripe. that is, the phase transition points. are determined by
the previously mentioned calculations.

Tolerance analysis was performed to determine the effect of positioning
inaccuracies of the phase transition points. These inaccuracies may be caused by the
limited resolution of common plotting devices. Each phase transition requires more
accurate positioning when the number of beams increases and/or when the diffraction
angle becomes large. Either performing a simulation in the design program or

referring to Eq. (10.8) and the relationship between N and p previously mentioned
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can indicate these requirements. These requirements can be met by using an
electron-beam writing facility which offers high resolution and can be employed to
encode a pattern for the photomask of a binary phase grating [10.19].

The pattern is copied in the following way. First. a layer of photoresist is
deposited on the SiO, layer after an appropriate thickness of SiO, has been coated on
the substrate wafer. Then, the photomask is brought in close contact with the wafer
and is illuminated. The stripes of the photomask that are clear allow the light to
pass through and expose the photoresist. If the photoresist type is negative, these
illuminated stripes of the photoresist are then chemically washed away to expose the
Si0,. The exposed SiO, is then plasma etched down to the substrate and the rest of
the photoresist is then chemically removed. At this point, one may have preliminary
phase structure.

Two steps in the grating fabrication require rigorous testing: stripe-width
measurements of a photomask and performance evaluation of etched phase gratings.
The former step can be done by using an optical comparator or a high power
microscope or even by a SEM for fine structures. Special attention is needed to
ensure that a measurement device can resolve the narrowest-width stripe.
Performance evaluation of an etched phase grating involves iterative interactions
between the etching process and the intensity measurement to ensure that a
satisfactory intensity distribution is obtained. The etching process is irreversible.
Each removal step takes off thickness of several tens of angstroms and is followed by
intensity measurements of the diffracted beams. Intensity measurements should be
made at several locations over the surface of the grating-filled wafer to examine the
fabrication quality. After these testing steps. deviations from the expected diffracted
intensities can be removed by iterated etching. Using a tolerance analysis similar to
the previously mentioned (except for phase thickness instead of phase transition
points), one can prevent over-etching; however the success of fabricating a phase
grating heavily depends on the interactions between these two steps and practical
knowledge of the etch process.

10.3 Thick Phase Hologram

In this section. the theory of a thick planar phase hologram is reviewed. Then,
thin and thick holograms are compared, and the situation in which all holograms
made were thick enough to have Bragg-regime diffraction is discussed. Finally,
theoretical predictions and experimental results from holograms found in dichromated
gelatin (DCG) are compared.
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Review of Coupled Wave Analysis For a Single Grating

To determine the diffraction efficiency from a thick phase hologram. we must
solve the wave equation for the fields propagating through a medium with a
sinusoidal index variation. If a phase grating is sufficiently thick and of sufficiently
high spatial frequency, then for reconstruction near the Bragg angle, only the incident
wave and a single diffracted wave are observed. Under these conditions, a coupled
wave theory developed by Kogelnik [10.35] can be used to derive a closed-form
analytic solution to the diffraction efficiency problem.

In Fig. 10.5. all the waves are polarized perpendicular to the plane of incidence
(s-polarized waves). Only the reconstruction beam R and the diffracted signal beam
S are shown. Other diffracted orders strongly violating the Bragg condition are not
observed experimentally, and are neglected in the analysis. The fringe planes are
assumed to extend infinitely in the § direction and are slanted with respect to the
medium boundaries at an angle ¢. The g_rating vector K is normal to the fringe
planes and has the magnitude K = 27/d where d is the grating period. The incident
angle in air is 6; and is related to the angle inside the medium 6, by Snell’s law,
sin; = n¢sind,. where ng is the average refractive index of the medium. The
recording material is assumed to be lossless and nonmagnetic (4 = 1); therefore
discussion hereafter will focus on phase gratings without bulk, without modulated
absorption, and without magnetic properties.

Wave propagation in the grating is described by the scalar wave equation
V2E(x.z.w) + k2(x.2) E(xzw) = 0 . (10.12)

where E(x.z.w) is the complex electric field and is assumed to be independent of §.
that is, the fringe planes are perpendicular to the plane of incidence; w is the
oscillation radial frequency; k(x.z) is spatially modulated and related to the relative
dielectric constant ¢(x.z) by

k2(x.2) = ‘;’—:-c(x.z) . (10.13)

Since the interference pattern produced by two plane waves has a sinusoidal
intensity distribution, a linear recording and developing process produces a
modulation in the region 0 £ z <T. given by ”

106

——




’>

6, 0O,
0 3
- Y D z
R — S
z=0 z=T

)
-K .
G c=p-K

Figure 10.5 Geometric structure of a thick hologram formed by two
plane waves, both having s polarization.

€ = ¢ + Ac cos K - 1. (10.14)

where ¢, is the average dielectric constant of the material; Ae is the amplitude of
-»>

modulated permittivity; and ¢ >> Ae. The grating vector K and position vector T

have the form of

sin ¢ X
K=K cos ¢ and r Z (10.15)

respectively. Substituting Eq. (10.14) into Eq. (10.13), one has
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k?= 5’+2xB(e‘E'7 + eiKT) | (10.16)

where the average propagation constant 8 and the coupling coefficient x are defined

as

™©>™
]

= 2m¢p!/2/\ = 2mny/\ (10.17)
and

x
#

= nAe/2\¢y!/2 = mAn/\ . (10.18)

If the reconstruction wave is s polarized and incident near or at the Bragg
angle, the total electric field in the grating is the superposition of two plane waves
(R and S) with propagation vectors p and 7 :

E = R(z)e#T+S(z)e-i07 . (10.19)

The grating vector I-E prov.ides the coupling mechanism between the incident wave R

and the diffracted signal wave S. The energy interchange occurs as the wave

propagates through the grating (Z direction). The amplitudes of the waves do not

depend on x since the grating is invariant in this direction. The incident wave R is
-

diffracted by the grating K. generating the wave S. The Bragg (K-vector closure)
condition yields two equations

-sinf,
iep|
s

Bsiné,-Ksing

- 2 0

- K BcosB, -Kcosg (10.20)
(all 8,.¢ measured inside the medium) .
Equivalently, one has
(sind,+sinb,) = \/n,d sing (10.21a)
and
B(cosf,-cosb,) = A/nyd cosg . (10.21b)
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Note that when the reconstruction wave R is incident at the Bragg ar.gle, both
the reflection law 6, = 6; (10.21b), and the diffraction condition 2sinf, = \/n,d
(10.21a) hold. Interference between .he wave R and the wave S produces fringes
that are composed of many planes of constant index-of-refraction across the
interference area. These planes are oriented in such a way that the reconstruction
wave R is reflected into the signal wave S. Since each change in the refractive
index produces some reflection on reconstruction, the wave R transverses many of
these index planes; therefore successively reflected waves are exactly in phase with
each other. and hence add coherently to produce the diffracted wave S. Other
orders do not have this mirror geometry and are dephased by subsequent grating
planes; therefore for non-Bragg angle the successively reflected plane waves are
slightly out of phase with each otner and do not produce a strong, coherent
superposition. This "dephasing” of the successively diffracted plane waves is
employed by the coupled wave theory to predict the reduced diffraction efficiency
(DE) for non-Bragg angle illumination.

Substituting Eq. (10.16) and Eq. (10.19) into Eq. (10.12) and applying the Bragg
condition to collect terms with a common propagation direction, dropping terms
expl-iF+K)T) and exp(-i(@-K)7). one has the following coupled differential equations
describing the energy flow between R and S:

R"-i20,R'+2x8S = 0
S$"-i20,5+26TS+2xfR = 0 . (10.22)

Apparently, the reconstruction wave R and the diffracted wave S are coupled
with each other through the coupling coefficient x. Here, one introduces ' as a

parameter to indicate deviations from the Bragg condition and is expressed as

r . 822
28
= Kcos(¢-6,)-K2)\/4mn,

= A6,Ksin(¢-8, ,)-ANK2 /dmn, . (10.23)

where 6, = 6,,+46, and N = N\, +A\; 8,,. )\, are the Bragg angle and wavelength
respectively while A6, and AX are the amount of deviation from these values.

If the slowly varying envelope approximation is made, R” and S” will be
negligible as compared with p,R’ and 0,S’, respectively. Under these conditions the
coupled wave equations become
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CrR’ = -ixS
CsS'+il'S = -ikR . (10.24)

where Cp = p,/B = cosf, and Cg & 0,/B = (Bcosf,-Kcosg)/B are ils obliquity factors
for the wave R and the wave S.

Solutions for R and S zare obtuined by applying the boundary conditions R(z =
0) @ I, Sz = 0) = 0. For an unslanted transmission grating (¢ = n/2), diffraction
efficiency at the Bragg angle is

gs_ S(z=TS*z =T
R

DE = i
= sin® v ., (10.25)

where v is the angular modulation or grating strength parameter, and is defined as

n-AnT
X-cosGr'b

(10.26)

= (7/\)-An-(geometrical optical path length experienced by the beam
transversing hologram) .

For the non-Bragg-angle condition, diffraction efficiency will be

sin? [’N l+(£/'1)’]
1+(¢/y)*

DE = (10.27)

where { is the dephasing term

§ = -[T/2Cs
= A0, 7T/d (angular deviation for \)
= «{ANN)TBtand, ,siné,,, (wavelength deviation fer 8,p) . (10.28)

Referring to Eq. (10.28). therefore, the peak efficiency and spectral bandwidth are
controlled by index modulation, film thickness and angle of incidence of the recording
beam. A rule of thumb for angular selectivity can be expressed by A6, = d/T =
1/(total no. of fringes crossed in propagation through the emulsion), which primarily
depends on the emulsion thickness and is independent of index modulation.
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*Thin" and "Thick" Grating Criteria

The characteristics derived above are based on the assumption that a grating is
thick enough to satisfy the Bragg condition. However, one might ask how thick a
grating must be o ensure the occurrence of the properties previously mentioned, e.g..
possibility of obtaining unity diffraction efficiency. and strong angular and
wavelength selectivity.

Traditionally, a thin grating is defined as a grating that can produce Raman-
Nath diffraction (many diffraction orders) while a thick grating can produce Bragg
diffraction (single diffraction order). It is belter to have some criteria to distinguish
between these two regimes. According to the analysis by Gaylord et al. [10.24], and
a more rigorous analysis by Jaaskelainen et al. [10.36], one can use the parameters
Q’. v. p to distinguish these two regimes for unslanted phase gratings, where Q’, p

are defined respectively as:

Q' = (2M\T)/(ngd*cosf,)
p = Q/2y = \2/(d2nyAn) . (10.29)

Figure 10.6 shows Raman-Nath, intermediate, and Bragg diffraction regimes and
their corresponding boundaries:

(1) The Raman-Nath diffraction regimes (for thin gratings) occurs when

Qv S 1 and tan26, << Q.. (10.30)
(2) The Bragg diffraction regimes (for thick gratings) occurs when

p=Qf2y21 . (10.31)

Jaa#kelainen et al. [10.36] also showed that as the angle of incidence grows the
Raman-Nath regime will shrink and move toward the boundary where Q'y = I[;
moreover when the incident angle is greater than IS5 degrees, the Raman-Nath regime
will disappear. It is interesting to note that according to the above criterion the
definition of a thick grating is independent of grating thickness. This indicates that
Bragg diffraction will occur for any value of ¥ if Q' is sufficiently large. An
alternative expression of Eq. (10.31), expressed as follows, can be derived which

shows the angle of incidence needed to obtain a thick grating, i.e.,
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Figure 10.6 Regimes of Raman-Nath, intermediate, and Bragg
diffraction.
sinf; 2 v2.5n0An . (10.32)

For Kodak 649F derived DCG recording material [10.37], ny = 1.54 to 1.55 and An
can be varied in the range 0.0l to 0.08 with exposure. Therefore. the interbeam
angle 6, needs to be greater than 22 to 68 degrees to obtain a thick grating.

For sinusoidal phase gratings in the Raman-Nath regime, diffraction efficiency
of the i-th diffracted beam can be expressed as [10.24]

DE; = J3(2y) . (10.33)

where J; is the integer-order Bessel function of the first kind, and v is given by
Eq. (10.26). Note that the maximum diffraction efficiency in the Raman-Nath regime
is independent of Q' and equals 33.8% when y = 0.1425. The diffraction efficiency
of sinusoidal phase gratings can be 100% in the Bragg regime when vy = 7/2 in
Eq. (10.25).
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10.4 Experiments on Planar Thick Holograms ‘

Thick phase gratings using DCG emulsion can produce high diffraction
éfficiency (Appendix B). However. variations in the diffraction efficiency from DCG
emulsion exist because of the complicated dependence of their characteristic properties
on parameters like temperature, humidity. chemical processing. and environment. To
achieve diffraction efficiency as high as possible from a certain chemical processing,
one needs to explore every possible effect of these different parameters. Although
some conditions such as temperature and humidity are not easily controlled in our
laboratory, an optimized process has been achieved with consistent results.

In the following section. experimental results obtained from planar thick
holograms are described and are compared with theory, Results from high-exposure
recording and possible observations of these holograms are then discussed.

The DCG plates used in this study were prepared with the procedures outlined
in Appendix B. The various experimental aspects of this study are given here.

Thick holographic gratings in DCG were recorded by mixing two mutually
coherent plane waves with an interbeam angle of about 360, producing unslanted
transmission gratings. The recording parameters for these holograms are
A = 0.5145 pm; T = 11.2 pm; ny = 1.545; and d = 0.83 um, which give a Q' factor,
from Eq. (10.29), of 35. The Q' factor has been kept relatively constant throughout
the study. For Bragg-regime diffraction Eq.(10.31) An should be at least less than
0.025. The diffraction-efficiency measurements were made using the Hamamatsu
S1226 silicon photodetector and Keithley 485 Autoranging picometer. The diffraction
efficiency is calculated by using the formula

DE = L . (10.34)

I,

where I, is the diffracted intensity of the first order and I, is the intensity of the
incident beam. Reflection losses are not included.

A number of gratings have been recorded in DCG by exposing them to green
light from a S5-W Model 2020 Spectra Physics argon ion laser. The laser was
operated with an etalon to provide single-mode longitudinal operation. This was
verified by measurements with a scanning Fabry-Perot. Figure 10.7 shows the curve
of diffraction efficiency (DE) versus exposure for planar gratings read at the Bragg
angle when E ( 330 mJ/cm2, and at off-Bragg angle when E ) 330 mJ/cm? for the
maximum diffraction efficiency. Non-Bragg-angle efficiency measurements in the

latter case were made because the maximum efficiency no longer occurred at the
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Bragg angle. The index modulation was suspected to be saturated and will be
discussed in detail later. In contrast, a theoretical diffraction efficiéncy versus An
curve for a single planar grating described by Eq. (10.25) is plotted in Fig. 10.8 by
taking previous data of \, T. ng. and d. Several significant differences between

experimental results and theory are summarized and discussed as follows.
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Figure 10.7 DE versus exposure for transmissive, planar gratings in
DCG material. The dashed line is the calculated curve for linear
exposure region. Experimental data shown in squares were taken for the
maximum DE at non-Bragg angle.

First, the maximum diffraction efficiency of experimental data is about 87%.
without considering losses resulting from reflection, reflection-diffraction, and high-
order diffractions as depicted in Fig. 10.9. Reflection-diffraction loss can be
distinguished from reflection loss in the sense that reflection-diffraction loss is caused
by reflection from the last surface, which produces a weak beam propagating in the
opposite direction of S. thus reconstructing a weak retro-reflected beam when the
reconstruction beam passes through the recorded grating. In contrast, reflection loss
is the total loss contributed by each reflection when the reconstruction beam passes
each interface. Therefore, reflection-diffraction loss can be eliminated only when the
last surface is anti-reflection coated, as evidenced by the observation that this beam

disappears if an oil-immersed black cloth is affixed to the last surface.
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Figure 10.8 Calculated DE versus An.

These reflection losses can produce a 6% to 10% reduction in diffraction
efficiency. High-order diffraction beams (only m = t3 without m = $2!) were
observed from both sides of a grating, indicating some "weak" thin grating effect
despite the large Q' factor. The loss attributable to these high-order diffraction
beams comprises about 1% of the total diffraction efficiency; however this loss can
be eliminated or suppressed by increasing the incident angle and/or beam ratio (R/S)
[10.38]). Taking all these losses into account. one can reach at least 94% diffraction
efficiency for the transmission holographic phase gratings found in this medium
without index matching. It is expected that diffraction efficiency can be improved
by recording the hologram in a liquid gate.

The diffraction efficiency curve in Fig. 10.7 is similar to that predicted by
Fig. 10.8 at low exposures (such as E < 120 mJ/cm2). The maximum diffraction
efficiency obtained when An = 0.022 in Fig. 10.8 is equivalent to the experimental
exposure of ¥ 35 to 40 mJ/ecm? in Fig. 10.7.

The agreement between theory and experiment at high exposure is not very
good, indicating that the recording process is no longer linear and the "linear
recording” assumption in the coupled-wave theory has been violated. The following

procedures were taken to determine the linearity range of An versus exposure.
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Figure 10.9. Loss observed when a holographic grating is reconstructed

by an incident beam I: R-R, reflection-diffraction; R, reflection; S,

signal; T, transmission.
Figure 10.7 shows data from 20 different plates and represents the reproducibility of
the process. Using these data in conjunction with Eq. (10.25), the relation between
An and E can be determined. Figure 10.10 shows derived values for An versus E
for an exposure E £ 120 mJ/cm? (in squares). The solid line approximata a linear
relation between An and E according to the relation,

An = 0.000385E (+0.006354) . (10.35)

This relétion and Eq. (10.25) can be used to calculate the diffraction efficiency as a
function of the exposure (see the dashed line in Fig. 10.7).

The experimentally measured data of the diffraction efficiency reaches a
maximum value of 90%. As An increases further, the efficiency decreases
approximately a value of 11% near E = 115 mJ/cm? and then starts to increase again.
This indicates that a decrease in an index modulation with increased exposure occurs
even under optimum exposure conditions. This effect also occurs for materials othe-
than DCG, and can be seen in silver-based material [10.39], probably because of
saturation of the index modulation [10.40]. This effect could also be the result of a
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Figure 10.10 Calculated An versus experimental exposures.

violation of the assumptions proposed in the coupled wave analysis, i.e., the uniform
index modulation with depth (in the z direction). The sensitized film is strongly
absorbing and attenuates light in the z direction in a fairly complicated manner
[10.40]. We conclude that a linear relationship between An and exposure cannot
always be assumed over a large exposure range. Therefore a diffraction efficiency
curve does not behave sinusoidally for high exposures.

Angular and wavelength selectivities are important characteristics of gratings
which provide information about emulsion thickness and index modulation An.
Figure 10.11 shows the predicted (dashed line) and measured angular selectivity of a
planar grating with total exposure of approximately 35 mJ/cm2 (Fig. 10.7) so that
v 2 n/2. After taking losses into account, the experimental results show fairly good
agreement with theory. Angles were measured with a NRC Model 481 Rotary Stage
which has resolution of 30 arc sec. From the width of the curve, the film thickness
is determined to be 11.2 um by Eq. (10.28). .Actual thickness measurement over
several locations on a developed film was made by a standard DEKTAK stylus
(0.0005-in. radius) with scan speed 0.1 cm/min., which showed that the emulsion was
about 11.5 um thick, in good agreement with the calculated one. Note that near $40,
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where the calculated DE = 0, the measured DE # 0. The discrepancy could result
from the index modulation, An, being nonuniform with depth, z. as previously
mentioned above.
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Figure 10.11 Angular selectivity of a thick phase grating of
E = 35 mJ/em®. Solid lines are calculated values for s (higher one) and
p polarization. Experimental data are shown in squares for
s polarization and in circles for p polarization.

Figure 10.12 shows the measured angular selectivity of a planar grating with an
exposure E = 330 mJ/cm2, where the solid line is the closest simulation using
parameters T = 11.2 um and AnT = 0.94 um, which leads to ¥ = 1.97. The
difference between experimental and calculated data exists because the recording
process is no longer linear. Moreover, additional diffracted orders began to emerge.
which along with the nonlinear recording violate the assumptions of the coupled-wave
analysis. Both simulated and experimental data taken at high exposure are quite
different from data at low exposures. In addition, the diffraction efficiency at the
Bragg angle is lower than the diffraction efficiency for high exposures. This is

assumed to result from over modulation of the refractive index.
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Figure 10.12 Angular selectivity of a thick phase grating of
E = 330 mJ/cm?. The solid line is for calculated values with
AnT = 0.94 um and the dashed line for experimental data.

The spectral selectivity can be measured by recording a planar grating at one
wavelength and measuring the diffraction efficiency at another wavelength.
Figure 10.13 shows that the diffraction efficiency varies over eight discrete
wavelengths, ranging from near IR to visible (in squares) and the predicted curve is
also shown in the dashed line. The holographic grating was recorded at an exposure
of 45 mJ/cm? and A\ = 0.5145 um. Six prominent lines in an argon-ion laser, one
He-Ne laser, and a laser diode of Sharp Type LTO22MCO (A = 0.786 um) were used
for this readout. It can be observed that the diffraction efficiency has a maximum
value at the recording wavelength and decreases when the wavelength changes from
this value. Note that the experimental data for the long-wavelength range. i.e.,
A = 0.6328 and 0.786 um, were taken for the maximum diffraction efficiency instead
of the diffraction efficiency at the Bragg angle because of the experimental
difficulties stated as follows. If separate lasers other than the one used in the
recording were used to perform spectral selectivity measurement, then (i) it was hard
to locate the position of a Bragg angle because around that position efficiencies varied
greatly; (ii) the reconstruction regions could be different and local variations

occurred. Therefore the Bragg-angle reconstruction at different wavelengths from
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different lasers is meaningless unless a laser with large tunability in wavelength, e.g..

a dye laser, is available.

Ditfraction Efficiency (s)

- 300 -i00 A .yb
Waveiength Devigtion (nm)

Figure 1[0.13 Spectral selectivity of a thick, phase grating of
E % 35 mJ/em*. The dashed line is for calculated values and the solid
line for argon-ion laser lines at the Bragg angle; data shown in squares
were taken for the maximum DE at a non-Bragg angle.

Measurements of the diffraction efficiency versus angle for both s- and p-
polarization were also performed. At low exposures, diffraction efficiencies for both
p- and s-polarization beams reconstruction show no appreciable differences as
depicted in Fig. 10.11. At high exposures, however, diffraction efficiency of p-
polarized light is about 3 to 5 times greater than that of s polarization (Fig. 10.14).
Based on these observations, one might attempt to examine the possibility of using a
HOE as a polarization beamsplitter. An appropriate choice of Bragg angle 6., and
product AnT can be shown to accentuate the diffraction efficiency of p-polarized
light relative to s-polarized light. For example, Fig. 10.15 shows one possible solution
in which the diffraction efficiency is zero for s-polarized light, and 100% for p-
polarized light. This occurs when 6,;, = 307 and AnT = 0.44 gm. It is also possible
to form the opposite polarization accentuation as depicted in Fig. 10.16 with
8,p = 39.19 and AnT = 0.705 pm. It can also be shown that although solutions for
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the above problems are not unique, the two examples given here are the only
solutions feasible within the practical limits of AnT for DCG emulsion. _

The grating design shown in Fig. 10.17 allows the diffraction efficiency of the
hologram to be independent of the polarization of the reconstruction beam. The
conditions for equal diffraction efficiency for both polarizations are AnT = 0.6 um
and 6., = 36.79. However, it is apparent that p-polarization in this case will have
narrower angular selectivity than s-polarization. Comparatively, from the practical
viewpoint, Fig. 10.11 provides a better way for polarization independent operation
because angular selectivity is identical for both polarization and the maximum
efficiencies are near 100% with only 2% deviation. All designs here are referred to
A = 05145 pm and T = 11.2 um. Extension to different wavelengths, various
thicknesses of the recording medium, and a reflection-type phase hologram will be
straightforward by employing the same design techniques based on Kogelnik's theory
{10.35].

The rest of this section will propose a method to realize these designs and
discuss possible applications of these devices.

To realize these designs one needs to control emulsion thickness and An. The
spin-casting technique can generate uniform thickness over a large emulsion area.
Speed of a spin is a determining factor in obtaining good uniformity for the success
of this technique [10.41]. Special care is needed for the substrate preparation to
reduce losses that are caused by defects on the substrate surface. The relationshib
between the concentration of amonium dichromate and the incurred An must be
examined to achieve the conditions for these designs.

Applications from the above design have commercial significance. For example,
using a single holographic grating to replace a traditional bulky polarized beamsplitter
is interesting to the field of optical data storage. The use of the polarization-
independent grating as grating demultiplexers for fiber optics is another interesting
application [10.42].

10.5 HOE Generating Multiple Equal Focusing Beams for Optical interconnects

Many optical-interconnect applications require the optical elements to efficiently
focus light. It is well known that CGH with the zone-plate-like structure can focus
an incident beam. However, it is not easy for a single CGH to provide multiple
equal focusing beams with high efficiency. In these cases, the patterns to be
encoded are much more complicated than those of the binary phase gratings
previously discussed and require expensive computer-aided design facilities to achieve
the desired pattern. CGHs of this type also are often inefficient.
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Figure 10.14 Angular selectivity of a thick phase grating of
E > 330 mJ/cm* shows high DE contrast around the Bragg angle;
s polarization in squares and p polarization in circles.
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Figure 10.15 Calculated angular selectivity of a thick phase grating,
showing DE of s polarization is zero and p polarization is one at the
Bragg angle, where AnT = 0445 uym and 6,p = 30° are used for
calculation.
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Figure 10.16 Calculated angular selectivity of a thick phase grating,
showing DE of s polarization is one and p polarization is zero at the
Bragg angle, where AnT = 0.705 um and 6rp = 39.1° are used for
calculation.

In this section a simpler method is proposed to optically generate multiple-
focusing beams and to efficiently record them. This method can bypass the involved
and tedious direct CGH encoding but still can achieve the same goal of using a
single element capable of generating an array of focused spots. Two steps are
necessary to achieve this result: 1) generate multiple focusing beams that are equal in
magnitude; and 2) efficiently record this object field.

Although the binary phase gratings previously described can be used to generate
multiple equal beams. their diffraction efficiencies are limited by the accompanying
higher-order diffraction beams that result from the thin grating characteristics.
Referring to Fig. 10.4(b), side lobes may result that may have 15% to 40% of the total
diffraction efficiency. depending on the number of beams used. The intensity
distribution of these sidelobes can be simulated using the design work mentioned
previously, although some tabulated work by Killat et al. [10.29]. can provide a quick
estimated value.

One way to increase the diffraction efficiency of the desired beams is to fiiter

out the unwanted light by spatially filtering this pattern, depicted in Fig. 10.18, and
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Figure 10.17 Calculated angular selectivity of a thick phase grating,
showing DE of s and p polarization is the same at the Bragg angle,
where AnT = 0.6 pm and 6, p = 36.7° are used for calculation.
then holographically record the filtered wave onto the DCG. Therefore, the recorded
element is expected to have focusing properties and high diffraction efficiency.

From the previous discussion on single-grating-thick holograms. we know that
thick phase holograms have the advantage 'of high angular selectivity so that many
holograms can be superimposed in the same space and read out separately if the total
available index modulation is large. However, in general, to record aiultiple gratings
some methods must be used to prevent cross coupling effects. For example, one way
to avoid interaction between two gratings exposed simultaneonsly on a film is to
angularly separate the gratings during exposure such that the Bragg angles are far
from one another. Under these conditions each of the two gratings diffracts as if it
were a single exposure grating for low exposures. Thus Eq. (10.25 still holds.
However, at high exposure, the effect of saturation is such that to reach a given
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Figure 10.18  Optical layout of copying CGH onto DCG and its

reconstruction.
index modulation in each of the two gratings, each grating must be exposed at a
higher level than that necessary to make an equivalent single grating reach that same
modulation level [10.40]. Of course, this compensation can only be carried out over
a limited exposure range because the index modulation will be saturated as the
number of gratings increases. In fact, each of the N gratings has a maximum
modulation approximately equal to 1/N of the maximum modulation of a
corresponding single grating [10.43]. ‘

Many theoretical or experimental efforts have occurred in the study of multiple
planar grating effects, for example, work performed by Case [10.44], Kowarschik
[10.45]. and Kostuk [10.18]. However, few references describe the theory of
simultaneously recorded, multiple-focusing gratings, not to mention an indicative beam
ratio and exposure for optimum performance. Therefore, to obtain a HOE with
maximum efficiency and signal-to-noise ratio, experiments were performed to optimize
the beam ratio and recording exposure.

Figure 10.18 depicts the experimental layout. Diffracted fields from a nine-
beam binary phase grating were focused by a lens of focal length 50 mm onto a
DCG film through a spatial filter that filtered oqt unwanted higher diffraction
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orders. The fields diverging from the spatial filter interfere with a reference beam
to form an interference pattern at the DCG plate. The plate was placed so that the
spot size of a reference beam is a little bit bigger than that of the diverging
diffracted fields to ensure complete overlap. The surface normal of the film bisected
the 36-degree angle formed between the reference and the diffracted fields. The
working distance, the distance from a holographic plate to its focusing plane, was
about 20 mm. Assuming diffraction-limited performance, the diameter of a spatial
filter should be at least larger than 1.4mf64, where m is the number of beams to be
generated, 6, is the diffracted angle of a grating, and f is the focal length of the
lens.

Figure 10.19 shows the experimental results, indicating that diffraction efficiency
is low for high beam ratios. Observations indicate that scattering noise and higher-
order diffraction were greatly reduced as the beam ratio was increased.
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Figure 10.19 DE versus exposure for different beam ratios when copying
multiple focusing beams onto DCG; data in circles are for BR = 1.3;
squares for BR = 10; and the other for BR = 2.2.

Each individual reconstructed focused image was about 40 um in diameter, with
separations of 210 um as measured by using the one-dimensional CCD Fairchild
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Model 122 which has pixel resolution of 13 um. Intensity uniformity of these spots
was good, as indicated by the demonstration of simultaneous switching of eight spots
on a bistable ZnS interference filter. The maximum allowable variation of the
switching power for this etalon array can uve analyzed by referring to the work of
Gigioli [10.46]. Nonuniformity. occurs because the binary phase grating used to
generate multiple beams before filtering was not well fabricated for A = 0.5145 um.
However, the recorded HOE showed 70% diffraction efficiency, which was about 10%
higher than the original binary phase grating; thus verifying the concept of improved
efficiency with copying. Although one expects that higher diffraction efficiency than
the one shown above can be achieved if a good CGH can be provided, the upper
limit will be set by cross coupling effects. Figure 10.20a depicts the image of a
nine-beam binary phase grating. and Figure 10.20b the magnified image of nine
focused spots.

The major advantages of this copying technique are higher diffraction efficiency
and compactness. A single copied holographic optical element can replace all other
elements and reduce losses; moreover it improves efficiency, signal-to-noise ratio,
alignment, and stability.

The previously mentioned switching experiment indicated that the HOE can be
used to implement regular optical interconhects for optical computing such as the
symbolic substitution algorithm. . The same HOE also has potential use for
interconnections in microelectronic systems. For example, one might couple a signal
into a fiber bundle with the HOE and distribute these signals to several integrated
circuits,

Summary

In this section we discussed several interconnect problems. A discussion of
binary phase and volume gratings followed. A unique technique of implementing
free-space optical interconnects was then described, which copied the diffracted field
of a binary phase grating into DCG emulsion. The current experimental results show
that the fabricated HOEs are capable of generating multiple focused beams with
efficiency enhancement of at least 10% over the original binary phase grating. The
HOEs can be used as an element for further investigating the feasibility of optical
interconnects in VLSI technology.
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Figure 10.20 (a) A magnified image of a nine-beam binary phase
grating; (b) A magnified image of nine focussed spots generated by a
single HOE.
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11. USE OF A HOLOGRAPHIC OPTICAL ELEMENT FOR FAN-OUT
OF SIGNALS TO A GaAs ETALON

The distribution of signals is an important consideration when constructing an
all-optical switching system. Holographic optical elements (HOEs) are promising for
application in such systems because they are compact, rugged and inexpensive to
produce. The light signals travel through ffee space, and the system takes advantage
of the fact that many light signals can cross through the same space without affecting
each other.

In this section the use of a HOE to produce multiple focused spots for switching
a GaAs etalon is described. The HOE was made in the following manner. A
computer-generated hologram was produced and used to generate a light field for a
row of focused spots. This light field was spatially filtered to improve its
characteristics and then recorded on a second hologram. The second hologram is the
one used for the experiment described. The hologram was recorded in dichromated
gelatin (DCG) using light with a wavelength of 514.5 nm. The HOE produces a
1 x 9 array of spots each about 40 um in diameter and 190 um apart [11.1].

The experimental setup is shown in Fig. 11.1. Modulated light at 514.5 nm is
focused onto one side of a GaAs etalon usitrg the HOE, and cw light at 871 nm is
focused onto the other side using a 10x microscope objective. The output signal is
the IR light reflected from the etalon. An etalon containing 299-A multiple quantum
wells was used in this experiment because its uniformity was the best of the etalons
available at that time. We used two different wavelengths of light because the DCG
used to make the hologram is not sensitive to infrared light. The best result
achieved so far is modulation of the reflected IR beam by about 15% (Fig. 11.2). A
transmitted beam should show much higher contrast.

The- hologram used for this experiment has degraded from exposure to moisture
in the air, and has an estimated efficiency of 15%. A new hologram of this type is
70% efficient, so the use of a new hologram should improve the fan-out efficiency by
a factor of 4 or 5. Such holograms may be sealed in plastic to prevent any
degradation.

The spot size of the IR beam is about 14 um. Figure 11.3 compares the spot
size of the IR beam and of the green-light beams. Table !11.1 shows the maximum
power obtained so far for each focused spot.
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(a)

Figure 11.1 (a) Experimental setup for fan-out with the HOE. The
514.5-nm line of the Ar* laser is separated and modulated. The HOE
and a mirror are mounted on a translation stage such that the focused
spots from the HOE can be translated across the etalon without affecting
the illumination of the HOE. A cw beam at 871 nm is reflected from
the etalon and the output signal detected. (b) Detail of the optical
system near the etalon.
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(a) )

Figure 11.2 (a) Input signal (green beam, top) and output signal
(bottom) with no IR beam, showing zero output. (b) Input signal (top)
and output signal (bottom) with IR beam on, showing modulation of
reflection of the IR beam by the green beam.

Figure 11.3 (a) Image of the focused IR spot reflected from an empty
region of the etalon. Spot size is about 14 uym. (b) Images of the
green spots focused by the HOE and transmitted through an empty
region of the etalon, with the IR beam superimposed. The spots from the
HOE are about 40 pm in diameter.
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Table 11.1 Maximum power obtained for each spot of the image
from the HOE.*

Spot 1 2 3 4 5 6 7 8
Power (mW) 38 4.6 4.6 4.9 7.2 4.6 4.6 4.9

*A sealed hologram is expected to be 4 or 5 times more efficient.
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B. COMPARISON OF DEVICES FOR OPTICAL SIGNAL PROCESSING

12. ACHIEVEMENTS VERSUS STATEMENT OF WORK: PROSPECTS FOR
NONLINEAR DECISIONMAKING IN OPTICAL SIGNAL PROCESSING

12.1 Introduction
In this section we examine the characteristics of the various devices associated
with our research and, with our original Statement Of Work as a base, describe our

achievements and the problems encountered during the course of our work.

12.2 Interference Filters

12.2.1 Statement Of Work (4.1.1)

"Fabricate interference filters that have long-term stability and sufficient
uniformity over a 5 x 5 cm? area. The bistability switch-power shall not vary by
more than 10%. The use of ZnS and ZnSe shall be required."

Achievements )

Our work with interference filters, including design considerations and test
results, is described in Section 2. We fabricated about 30 filters and thoroughly
tested about 10 of these. Reasonably good uniformity was achieved, evidenced by
the linear-transmission-peak wavelength as shown in Fig. 2.7, for five spots
positioned in a 5-cm?® square, as shown in Fig. 2.6.

A more concerted effort to achieve <10% variation in bistability switch-up
power over a 5 x 5 cm?® was not made because:

(a) Interference filters have a damage and long-term drift problem (Section 2.4).

This problem apparently has been eliminated to a large extent by the Heriot-
Watt group by growing the absorber layer outside the interference filter
{12.1].

(b) Optical bistability is highly sensitive to variations in thickness, reflectivity,
laser power. detuning, etc., making it impractical for "infinitely" cascadable
computations (Appendix C).

(c) While GaAs and ZnS devices have similar switch-up powers, the recovery
time for GaAs is five orders of magnitude faster than that for ZnS. We
were convinced we should concentrate on the GaAs etalon, which is our
specialty, rather than work to optimize the ZnS interference filter.
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12.2.2 Statement Of Work (4.1.1.1) .
"Conduct a 25-beam demonstration unit. This unit shall demonstrate identical

bistability anywhere on a 25-cm?® unit."

Achievements

The simultaneous switching of 8 pixels with a separation %2100 um on a ZnS
interference filter using a 1-D binary phase grating and a 50-nm-focal-length lens is
described in Section 2.4. In Section 13.3 we report a pattern-recognition experiment
utilizing a 2 x 9 input pattern to recognize three-spot patterns. This 18-beam pattern
was shifted and recombined on one AND-gate filter and the output of that operation
recombined with another shifted 18-beam pattern. Consequently. 36 logic gates were
operated simultaneously, utilizing about 0.5 x 4 cm? on each filter. This pattern
recognition experiment exceeded the 25-beam target, and accomplished Statement Of
Work 4.1.3 as well. However, the bistability loops were not identical, as discussed
in Section 2.

12.3 GaAs Etalons
12.3.1 Statement of Work (4.1.2)

"Fabricate GaAs excitonically nonlinear etalon arrays.”

Achievements

During this contract, our GaAs and MQW crystals all came from outside
sources. Initially, our principal supplier was Art Gossard at AT&T Bell Labs.
When he took a position at the University of California at Santa Barbara. the owners
of the MBE machines blocked further collaboration between us. Other crystals were
supplied by Keith Evans at Wright Patterson, Pallub Bhattacharya at the University
of Michigan, and John Polky at Boeing. These crystal growers have gone to great
lengths to supply our needs; we are very grateful to them. Nonetheless, we have at
times waited months for samples; often the new samples have been designed to test
new ideas rather than for use in device optimization or in demonstrations. This
shortage has led us to obtain an MBE machine dedicated to GaAs/AlGaAs growth,
with an emphasis on all-optical devices. _

During this contract, we fabricated about 20 GaAs and GaAs/AlGaAs etalons.
usually with external mirrors attached with a UV curing cement. Near *1e end of
the contract, we obtained a sample grown to our design specifications with integrated
mirrors (Section 4.2). An array of integrated Fabry-Perot devices was fabricated by
photolithography and reactive ion etching (Fig. 4.10) with 5 x 5§ um? pixels separated
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by 20 um center-to-center. It is relatively easy to fabricate such arrays; in fact, we
have etched structures with dimensions of only a few hundred angstroms in the
course of our quantum-dot studies. Arrays of nonlinear decisionmaking elements can
be defined by such pixellation or merely by forming an array of focused spots.
Thermal considerations. recovery-time, and system considerations may dictate which
method is better.

12.3.2 Statement Of Work (4.1.2.1)
"Use chemical and plasma etching techniques to achieve AL < 0.1\/n, over an
area of one square centimeter."

Achievements

Section 4 describes the GaAs etalon development work. As reported on page
47, for the etalon with integrated mirrors, the resonance wavelength deviates less than
three linewidths over the entire 1 cm? region. As its finesse was =18, one can
calculate the corresponding nonflatness as follows. The free spectral range
corresponds to a change in length of A\/2n,. Because the resonance linewidth is the
FSR divided by the finesse, the corresponding change in length to the linewidth is
(\/2n,)/18. Therefore, AL S 3(\/2n,))/18 = A\/I2n,. So, our goal was achieved, not
through etching techniques, but through the growing of integrated mirrors. This
uniform sample worked very well in reflection mode but not in transmission mode,
perhaps because GaAs was used in the mirl;or layers. We believe that the challenge
to improve uniformity has not been addressed systematically because persons using
MBE techniques are satisfied with the uniformity they have achieved for electronic
and optoelectronic devices.

12.3.3 Statement Of Work (4.1.2.2)
“Construct GaAs pixel arrays with different dimensions by plasma etching.
The characteristics of these different arrays shall be evaluated.”

Achievements

See Section 12.3.1. Only a few etalons were pixeilated because of a shortage of
GaAs samples and the need to focus on problems discovered in device operation
(Sections 12.3.4, 12.6 and Appendix C). Some system analysis was performed
(Appendix C). Our reactive ion etching program has progressed steadily with the
successful fabrication of nonlinear directional couplers [12.2] and quantum-confined
cylinders. so pixellation can be performed whenever desired.
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12.3.4 Statement Of Work (4.1.2.3)
"Investigate array density to determine limitations. The investigation shall
include thermal limitations as well as other factors that limit packing density."

Achievements

The density of pixels is limited much more by the difficulty of optical
interconnection than by the reactive ion etching process, which allows relatively easy
creation of one-micron pixels separated by a few microns. Electron-beam lithography
can be used to write 20-nm features. In fact, we have etched cylinders =60 nm in
diameter separated by =400 nm. These arrays are too small for logic elements to
couple into, but they illustrate that etching is not the limitation [12.3]. Thermal
limitations are known to be critical (Section 12.6) with present devices., but the high-
speed-device problem of cascading, unappreciated when the Statement Of Work was
written, seemed more important to address.

12.3.5 Statement Of Work (4.1.2.4)
"Examine the problem of cascading several devices and seek solutions to this
interconnectivity problem."

Achievements

Cascading of two GaAs etalons was achieved through optical bistability
operation using microsecond pulses (Section 5). Cascading with nanosecond pulses
failed (Section 6). Computer analysis revealed that gain vanishes as the pulse length
is shortened to ten times the medium recovery time (Section 6). Alternatively. one
can use two-wavelength NOR-gate operation with picosecond gain, but the output is
shifted in wavelength, that is, it is unsuitable for use as an input to an identical
device. A slight enhancement of the gain occurs through angle tuning of the switch
beam (Section 7).

Cascading at GHz rates is a challenge. We concentrated most of our efforts on
this problem rather than on the problem of achieving massive parallelism in optical
interconnects. Some holographic optical element work was accomplished. including:
optical copying of computer-generated holograms (Section 10); using the new hologram
to simultaneously switch eight spots on a bistable interference filter (Section 10.5);
achieving a 15% modulation of a test beam reflected from a GaAs etalon with a HOE
producing a | x 9 array of spots 40 um in diameter and 190 um apart (Section 11).
Ray Kostuk has constructed a state-of-the-art holographic facility; he is eager to
address the interconnect problem when we reach the system phase. Related work,
funded under other grants, was performed on photorefractive crystals [12.4, 12.5).
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12.4 Application Demonstrations

12.4.1 Statement Of Work (4.1.3)

"Construct a demonstration array (3 pixel x 3 pixel) to recognize basic patterns.
Develop a demonstration optical system to recognize the occurrence of optical
patterns. Beam division multiple-beam focusing and re-imaging shall be used in the

development of an optical system."

Achievements
Accomplished; see 12.4.2.

12.4.2 Statemeat Of Work (4.1.3.1)
"Repeat the demonstration in paragraph 4.1.3 using a 4 pixel x 4 pixel array.

Conduct another demonstration by replacing the lens array with a holographic array."

Achievements
Section 12.2.2 and Section 13 describe a pattern-recognition experiment in which
three-spot patterns were recognized using an array of 2 x 9 beams formed by two

phase gratings (one | x 2, the other 1 x 9)‘ in tandem, and two interference filters,

meeting the objectives of paragraphs 4.1.3 and 4.1.3.1.

12.4.3 Statement Of Work (4.1.3.2) _
“"Based on the outcome of the experiments in paragraphs 4.1.3 and 4.1.3.1,
additional signal-processing goals shall be attempted."”

Achievements

Faced with the problems of massive parallelism. namely those of obtaining
sufficient laser power., beam dividing and combining, and filter non-uniformity. we
chose two applications to signal processing where a few decisionmaking elements can
have impact: 1) fingerprint identification by an associative memory using a nonlinear
interference filter as a thresholding element in the correlation plane (Section [4); and

2) compare-and-exchange circuitry using four interference filters (Section 15).

12.5 Comparison of ZnS Interference Filters and GaAs Etalons

The higher speed of GaAs with little difference in bias power makes GaAs
etalons more desirable than ZnS interference filters for our applications. However,
the GaAs NOR gate is the only option with any promise for practical 2 GHz
operation, and infinite cascadability has not yet been achieved. A detailed
comparison of the two devices follows in Table 12.1.
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Table 12.1

Comparison of characteristics of ZnS IF and GaAs etalon devices.

ZnS IF OB GaAs Etalon
OB NOR-gate
Wavelength 514.5 nm 82u-880 nm 820-880 nm
Switching Speed
On =1 ms 40 ns = |-3 ps
off 2| ms 40 ns 3-20 ns MQW
30 ps windowless
GaAs
Switching Energy 10-100 oJ 0.6-60 pJ 0.6-60 pJ
Bias Power = 10 mW = 10 mW ---
Uniformity Good but damage

(solved at Heriot-

< 0.1 \/n, integrated mirrors
Watt by external

absorber)
Peak Transmission 50-60% 10-20% 10-20%
Contrast Ratio 4:1 10:1 10:1
Compatible with Using other Yes Yes
Diode Laser semiconductors
Maximum Bit Rate x 100 Hz 2 | MHz Not yet cascadable

12.6 Problems With Using Nonlinear Optical Devices

Nonlinear photonics can be divided into three areas: digital optical computing,
optical neural networks, and photonic switching. In a search for the best applications
for GaAs etalons we have considered each area and drawn some tentative
conclusions.

What are some of the problems with using nonlinear optics for digital
computing? Why has progress been so slow? The most thoroughly-analyzed device
is the nonlinear etalon operating as a single-wavelength bistable element or as a logic
gate with inputs and outputs at different wavelengths. Typical bistability holding
power is 10 mW per device; typical energy per logic operation per device is 10 pJ.
To utilize the massive parallelism of optics would then require, assuming 10° elements

per plane, a formidable 10 kW/plane cw for bistability or 10 kW/plane average for a
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1-GHz logic rate. If all of the power is absorbed in the devices, they must be
spread out over 100 cm? to keep the heat load to 100 W/cm?. The problém of
removing that much heat while accessing the etalon optically has not been addressed
seriously. In part this is because there is still hope of reducing the energy per
decision and in part because no acceptable solution to the high-speed cascading
problem has been found.

How can the power and energy requirements be reduced? Enhancement of the
nonlinearity is desired. but while inorganic semiconductors have been studied
extensively, the search among organics has yielded no breakthrough so far. Quantum
confinement increases the nonlinearity per unit volume but not the index change per
absorbed photon. Perhaps a miracle material will be discovered, but there seem to
be no fundamental-physics arguments to make us predict it. Another way to reduce
the power and energy required is to reduce the size of the device. Microresonators
of GaAs multiple quantum wells with nominal size of 1.5 um have been operated as
NOR gates with switching energies as little as 0.6 pJ as a result of their reduced
size and waveguiding. Such miniaturization leads to formidable problems in focusing
onto large arrays of pixels and in re-imaging to the next array. A compromise may
result in slightly larger devices demanding higher switching energies. Waveguides do
not seem to be the solution either, because the energy required per device is no
lower if the nonlinearity is resonant; the larger detuning from the band edge
necessitated by the longer length results in a reduced index change. so reducing the
power by increasing the interaction length is nct possible. It is even more difficult
to imagine massive parallelism with waveguides. Steady progress in the development
of diode lasers and laser arrays is gradually improving the availability of laser
power, but normally only one device can be powered by a single diode laser. We
conclude that there is no reason to expect orders-of-magnitude reduction in power
and energy requirements.

Another unsolved problem jis the mode of operation. Optical-bistability and
NOR-gaté operations are the most often discussed, but both have serious problems.
Optical bistability is a single-wavelength operation; the output and inputs can have
the same wavelength, facilitating the cascading of devices., which is essential for
digital optical computing. But bistability in GaAs etalons either is too slow or
requires too much power, and is rather sensitive to fabrication and operation
parameters (Section 12.7). Consequently, we abandon bistability for logic and reserve
it for latching. @A more promising mode for logic operation is NOR-gate, but
achieving cascading remains a crucial problem for digital optical computing
applications; the output has a wavelength different from that of the input.
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What are some of the problems in achieving optical neural computing? The
heart of practically every optical implementation of a neural network or real-time
associative memory is a photorefractive crystal. Such crystals exhibit many attractive
features, such as low-intensity (mW/cm?) operation; same-frequency two-beam energy
transfer; and self-pumped phase conjugation. Nonetheless, there are problems in
applying them to complex systems, including difficulty in growing large homogeneous
crystals; amplification of scattering (fanning); a limit on the number of images that
can be stored in a single crystal; response time constraints; instabilities; angular
dependence of energy transfer; and freezing in the "learned” gratings. Many system
designs also include nonlinear etalons for decisionmaking or for controlling sigmoidal
transmission to achieve backward error propagation. There are no photorefractive
crystals that work we!l at the operating wavelengths of GaAs etalons. Because both
GaAs etalons and ZnSe interference filters require kW/cm? they are incompatible
with efficient photorefractive crystals which require only mW/cm? unless one is
performing whole-image decisionmaking. Nonthermal, slow nonlinear devices, based
perhaps on nipi structures, would be much more compatible with photorefractive
crystals. Unless slow, low-power, all-optical devices can be developed, electro-optics
devices such as the SEED (self electro-optic effect device) may be the only practical
solution. Such devices may be able to preserve the phase, as is often required.
Otherwise, optics will perform only the inte:connect function; this may be crucial
(Section 10). The electronic competition is also formidable in the neural-net area, and
rapidly increasing.

Finally, nonlinear optics can be applied to photonic switching for demultiplexing,
time re-ordering, high-speed routing, sampling, etc. Optics leads electronics by far in
short-pulse generation, transmission, and diagnostics. Several all-optical switches that
open or close in a picosecond have been demonstrated, with recovery times varying
from 1 ps to several nanoseconds. Multiple quantum wells and optical glass fibers
have been fabricated into picosecond switches, and many organic materials exhibit the
appropriate response times. Switching seems to be the area of nonlinear photonics
where nonlinear optics makes unique contributions, accomplishing feats electronics is
incapable of matching. Clearly, the disadvantages of high switching energy and two-
wavelength operation are not nearly as serious for switching as for optical computing.

The division of nonlinear photonics into neural computing, digital computing,
and high-speed switching emphasizes their different time regimes: milliseconds,
nanoseconds, and picoseconds, respectively. Progress in decisionmaking devices for '
one regime may not. therefore, carry over to the other two. Major advances in

photonic switching, however, may revolutionize some aspects of digital computing. for

140




example, by making possible an ultrafast optical preprocessor or by removing a
bottleneck in an electronic computer.
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C. OPTICAL SIGNAL PROCESSING USING ZnS INTERFERENCE
FILTERS FOR NONLINEAR DECISIONMAKING

13. Pattern Recognition and Symbolic Substitution [13.1]

13.1 Introduction

Interference filters with ZnS or ZnSe spacer layers exhibit thermal refractive
optical bistability. These IFs show potential for application as optical switches in
digital optical computing. In spite of their slow recovery time (on the order of a
millisecond) compared to that of GaAs etalons (on the order of a nanosecond),
interference filters are still useful for implementation of algorithms and for
demonstrations of optical computing schemes, especially at the early development
stage. As described in Section 2, these filters operate in the visible wavelength range
at room temperature, and are relatively easy to fabricate with reasonable uniformity,
good stability, contrast, and fan-out.

In symbolic substitution logic (SSL), information to be processed is encoded in
patterns [13.2). The two main stages of SSL are pattern recognition and symbol
scription. Simultaneous parallel computations are performed through recognition of a
specific pattern and then substituting another pattern for the one recognized. An
example is shown in Fig. 13.1(a), in which- a binary "zeto" is a bright spot below
and dark spot above and vice versa for a "one". This dual rail "one" and "“zero"
logic format encoding simplifies thermal stabilization, because the heat incident on the
device is always the same. Copies of this input are made; one then can make
relative shifts of the copies to identify the occurrence of one or more particular
- patterns. The identification decisions are made by an array of nonlinear optical logic
gates on which the input and shifted copies are superimposed. The output answers
are used to generate a new pattern according to predefined substitution rules, thus
completing the substitution stage.

In this chapter we present the design of a shifter, which constitutes an
important element for performing SSL. This presentation is followed by a description
of the IFs to be used in the experiments. Then, three optical computing experiments
using ZnS or ZnSe interference filters as logic gates are described: 1) a simple
pattern recognition; 2) a three-spot recognition; and 3) a complete SSL demonstration.
Because SSL can be used to realize any Boolean logic operator, the principle of an
optical one-bit full adder is described and demonstrated. Finally, some practical
problems are addressed. '
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Figure 13.1 (a) Dual-rail binary encoding of logic "ONE" and logic
"ZERO." (b) Rules of addition by “SL.

13.2 Component Design and IF Performance

The shifting operation is essential for both pattern recognition and substitution.
From the experiments described later come ideas for the design of a shifter aimed at
improving system accuracy and optimizing compactness.

The Mach-Zehnder-interferometer-type shifter used in our experiments results in
unequal optical pathlengths for both inputs to the AND-gate array, as shown in
Fig. 13.2(a). This property becomes a critical problem when one uses very fast gates
driven by fast pulses, such as picosecond pulse trains incident on an array of GaAs
etalons. One possible solution is to insert a compensation plate in one arm of the
interferometer to make both paths equal. An alternative is to use a Sagnac
interferometer, as depicted in Fig. 13.2(b), in which both arms have equal paths.
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Figure 13.2 (a) Shifter of a Mach-Zehnder-interferometer type showing
unequal paths. (b) Shifter of a Sagnac-interferometer type showing
equal paths. PBS: polarization beam splitter; NOLG: nonlinear optical
logic gate.




An innovative shifter design is shown in Fig. 13.3(a); it is a modification of the
Sagnac interferometer. This shifter employs two half-pentaprisms, a plano-convex
lens and a mechanical translator. It can be used to shift and to focus beams onto
bistable logic gates. In addition to its compactness. this shifter offers two major
advantages. First, the relative shifting of an input pattern can be done just by
translating one prism parallel to the contacting side along line BD, as shown in
Fig. 13.3(a).  The second advantage is that the shifter can be used as a lateral
shearing interferometer to test the collimation quality of an incident wavefront, which
helps alignment greatly.

A 45%polarization beam-splitting coating is deposited on the movable prism so
that s-polarization beams will reflect and p-polarization beams will transmit when
they are incident on the coating at 45°. Both s- and p- polarization beams, however,
will transmit at normal incidence after bouncing back from mirrors. A suitable
index-matching fluid is used between the prisms to reduce surface reflection losses.
The choice of fluid is important for matching the effective refractive index of thin-
film stacks and the refractive index of the prism glass. The effect of the small
index-mismatch on polarization-splitting is expected to be mild. (A thorough study of
this effect will be integral to the coating design. Such a study is beyond the scope
of our discussion, and is left for future work.) A plano-convex lens is assembled
with the fixed prism to provide focusing spots on the plane of bistable logic gates.
Fabrication of the shifter can be summarized as follows. Refer to Fig. 13.3(b).

1. Cut a pentaprism into two symmetric halves with the following dimensions:
AO = u, AC ¥ 2.165u, BD = 3.414u, CD = 0.586u, BE = 2.828u where u is
an arbitrary measurement unit.

2. Deposit a 45%polarization coating along BE.

3. Cement a plano-convex lens to plane AB. The lens has an aperture
diameter equal to 2u and focal length f > 6.828un; + yn,, where t, is the
thickness of the lens and n, and n, are the refractive indices of glass
materials for the prism and the lens, respectively.

4. Put a suitable index-matching liquid along plane BD.
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Figure 13.3 (a) Compact shifter of a modified Sagnac-interferometer
type showing equal paths. (b) Detailed layout of pentaprisms of the new
shifter.
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Shown in Fig. 13.4(a) is a basic subsystem used to perform optical computing
such as SSL. which incorporates a source, a plano-convex lens L and the above
shifter. A source may consist of a laser diode phased array or an ion gas laser with
a binary phase grating. The plano-convex lens is oriented such that the planar side
faces the source, to reduce aberrations. The explicit layout and its y-§y diagram are
shown in Fig. 13.4b). In order to generate well-resolved focused spots. the resultant
aberration of this optical system should be less than \/4, according to Rayleigh
criterion. The design of a shifter based on commercially available optics is shown,
and aberrations are calculated up to third-order. As seen in Fig. 13.4(b), the shifter
is a thin plano-convex lens with thickness t, combined with a glass block with
thickness t;. The latter can be regarded negligible as t, is much greater than t,.
Assuming the incident beam is collimated, the third-order aberrations of the shifter

itself are calculated and summarized as follows.

-1)2 .
Woio = 59p46° [A-B+C+D- Mnl(;‘—‘)—ctp] (spherical) (13.1)
2 -
W3 = %yPZ&M[E-F-m—t%'—‘—Qctp] (coma) (13.2)
-1 N
Wiz = leme [1-(“—”5;‘—‘%5] (astigmatism) (13.3)
Wy = :l‘-M? “n;Ictp (field curvature) (13.9)
and
M3 - i
Wi = %y?(&lnxsﬂ_llctp (distortion), (13.5)

where y, is the marginal ray height at the first surface of the shifter; optical power
¢ = c(n-1), with ¢ the curvature of the first surface; M is the Lagrange invariant; n
is the refractive index of the prism material; and A, B, C, D, E, F are defined as:

_n+2 n+| 3, L n2 oL
@02 B * -y C* ¢*3p P ¥ g E¥BRF=legy

Conditions for zero spherical aberration, zero coma and =zero astigmatism are
expressed as
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Woo =0 when ct, =

W3 =0 when cty =
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Figure 134 (a) Optical system

for performing shifting and focusing

required by symbolic substitution logic (SSL). (b) Optical layout and its

y-p diagram of the system in (a).
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Three curves of n versus ct, are 'plotted in Fig. 13.5, each representing
Woso = 0. W3, = 0 and W3, = 0. Apparently there is no condition such that these
aberrations vanish simultaneously. However, there are points where two of three
curves intersect. That is, either Wy = Wy =0, or W3 = Wy =0

simultaneously at some particular sets (n, ctp) as follows:

(ns= 2. Ctp - 2.67) for Wm = W222 = 0,
or
n= 1.37. Ctp - 8) for wl3l - W222 = 0.

Unfortunately, glass materials exhibiting these values exactly are not available.
One possible alternative is to use glass SF-59 (n = 1.955), which brings the spherical
aberration to zero with some residual astigmatism and coma. Based on our
preliminary analysis, future design work that takes advantage of the commercial lens
design program. for example, Code V., can optimize system performance.

ctyl

Figure 13.5 Conditions for zero spherical aberration, coma and
astigmatism.
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The interference filters used in our experiments, labeled IF1, [F2, IF3 and IF4,
have the characteristics shown in Table [3.1.

Table 13.1*

IF1 IF2 IF3 IF4
formula GHLY6HLH'G GHL)Y4HLH'G GHL)S8H(LH'G G(HL)*6H(LH’G

Toeak linear 2% 54% 54% 40%

Apeak 511 nm 514 nm 514 nm Sl4nm
FWHM 19 A 17 A 17 A 13A

P; (min.) 25 mW 11 mW 9 mW 16 mW
ThonlinearoN  39% 31% 25% 12%
substrate Kodak glass SF-6 Kodak glass Kodak glass

*A fan-out of 4 and a contrast of 2-2.5 are obtained when the ZnS IF2 is
operated with a holding beam = 45 mW, and IF3 has fanout = 1.4 and contrast
x 3.5,

13.3 Pattern Recognition

13.3.1 Simple Pattern Recognition
Pattern recognition, the first step in symbolic substitution logic, has been
executed using ZnSe interference-filter type nonlinear bistable devices with linear
optical componeats. The setup for this process is shown in Fig. 13.6, where the
input is encoded on a mask of 35 mm film with transparent and opaque spots. The
‘ goal is to identify the pattern formed by two bright spots located next to each other.
This identification is accomplished as above by shifting horizontally one pixel; the
two shifted patterns are superimposed with a beam combiner. Each spot in the
combined pattern can have one of three light levels: no light, one unit of light, or
two units of light. The logic decision is made by focusing the ~ombined pattern onto
a 2 x 3 AND-gate array using a Nippon Sheet Glass fly-eye lens array. This results
in 1| mm pixel spacing on a ZnSe interference filter whose structure is G (HL)* 6H
(LH* G. The switching power per pixel is about 20 mW. The output is a bright
spot in the right-hand pixel wherever the input has bright spots adjacent horizontally.
Note that all the locations of this pattern are identified by a single logic operation,
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independent of the array size; this is a clear utilization of the parallel nature of

optics.
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Figure 13.6  Experimental arrangement for the identification of two
bright spots located next to each other horizontally (see text).

Referring again to Fig. 13.3 and Fig. 13.4 for SSL, the orthogonal polarization
of the two input beams prevents interference between them. After receipt of the
input, the time required to complete the pattern recognition is the switching time for
the gates and the propagation delay from the input mask to the gate array. Thus. a
large array of fast optical gates should give a large throughput.

13.3.2 Three-Spot Pattern Recognition

The goal of the three-spot pattern recognition experiment was to identify the
locations of simple patterns consisting of threc beams, for example the V and T
shown in Fig. 13.7, in an input array. In this case a 2 x 9 beam array was used,
with several randomly-selected beams blocked. Such a three-spot pattern could be
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recognized using a single IF as a three-input AND gate, but here two successive two-
input AND-gate operations are performed to emphasize the capability of cascading
the nonlinear IFs.

One-bit addition by the technique of symbolic substitution [13.2, 13.3] has been
demonstrated previously using IFs, showing that very simple patterns can be useful in
digital opticat computing [13.4]. The present experiment shows more parallelism and
the potential for nonlinear decisionmaking in optical pattern recognition.

13.3.3 Experimental Apparatus

The apparatus i1s diagrammed in Fig. 13.7. A Coherent Innova-20 cw argon
laser operating at 514 nm was the light source. The beam was modulated by a
rotating half-wave plate and polarization beam-splitter., with 2 maximum transmission
of # 76% and minimum of 3%. Two binary phase gratings. one that produces two
and the other nine approximately equal beams, are oriented orthogonally and used in
tandem to divide the 2.3-watt input beam into 2 x 9 beams. Details about these
phase gratings are discussed in Section 10. Patterns are then encoded into the beam
array by blocking selected beams. The power in each beam is 58 mW within 10%,
after reducing the two strongest center beams by about 30%.
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% selfoc lens array-L—— 12nS IF!

PBS /2 ooth L T
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_t XIZF P'G_I iﬂ_%‘ film
5,4{,& ] 2x9 pattern "

Figure 13.7 Experimental arrangement for digital pattern recognition.
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ZnS interference filters IF3 and IF4, used as nonlinear decision-making devices,
have characteristics summarized in Table 13.1. With appropriate scaling of the input
intensities or holding beam intensities they require two or more inputs to switch to
high transmission; therefore, these nonlinear devices can be used as bistable AND
gates. In multiple-beam experiments the focusing is often imperfect, so typical
switch-up powers are 20 to 40 mW on the filter and the nonlinear transmission is
typically 10% to 25%. However, the contrast is 2 3.5, permitting fan-out and
cascading. Other system losses. mainly attributed to the optics for beam modulation
and to phase gratings for multiple beam generation. limit the number of AND-gate
operations per watt to 5 or 10, thereby limiting the parallelism currently achievable.
The filters were grown for near-perpendicular operation at 514.5 nm. minimizing the
complications of parallel operation on a tilted device.

Patterns were tested by sequentially identifying portions of the pattern. This
operation was performed in conjunction with the shifters. The array of beams was
first split into two arrays. One of the arrays was then shifted. and recombined with
the unshifted array upon the IFl. In this way a portion of the pattern was tested.
For example, a diagonal shift was required to identify the left portion of a V. Since
the modulation is slow the path difference between two arms is negligible; therefore
either a Mach-Zehnder-interferometer or a Sagnac-interferometer setup could be used
as a shifter.

Each lens system in Fig. 13.7 focuses each of the input beams so that the
parallel logic operations can be performed. The spots on the filters were about
75 um in diameter and 1 mm apart. On IFl the shifted input pattern and original
pattern were superimposed by the shifter and focused by the lens system. On IF2
the pattern, appropriately shifted to search for the third spot, was focused on the re-
imaged output of IF1. The lens systems consisted of two lenses, L1, L2, and a Selfoc
lens array, each with focal length of 254 mm, 100 mm and 5.5 mm respectively.
The combination of L1 and the Seifoc lens array was used to provide enough
intensity for AND-gate operation on IFl. An appropriate mask was put between the
Selfoc lens array and L1 to define the useful overlapped region. Lens L2 acted as a
relay lens to pass signals to the next stage IF2. To minimize aberrations in the
system. the lens system in path 2 was symmetrical to that of path l. except that in
our simple demonstration no logic operation was needed in this path for recognizing
the third spot.
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13.3.4 Experimental Results

The first step in recognizing a V is shown in Fig. 13.8. The upper left region
shows the input pattern, encoded in a 2 x 4 format. The unshifted pattern and the
pattern shifted diagonally down to the left are superimposed in the upper right
region. The output of the AND-gate operation, shown below the input, gives a
bright spot at the bottom of the V. Of coufse. this only shows that the right part of
the V is present. A sccond AND operation, with the pattern shifted diagonally down
to the right, completes the V recognition.

Figure 13.8 Recogni.con of "V." Input pattern is in the upper left
region. Shifted pattern is in the upper right region. The result is in the
lower left region, showing the occurrence of the right side of a V in only
one location.

Recognition of three I's in a 2 x 9 input pattern is shown in Fig. 13.9. Clearly,
any three-spoi pattern or simultaneous occurrences could be used to trigger an output
response from this all-optical coincidence circuit, even though the experiment is slow
and power hungry.

13.3.5 Complete SSL. Demonstration

A simple but complete symbolic substitution has been achieved as shown in
Fig. 13.10. The desired pattern is the simultaneous occurrence of bright spots in the
lower left-hand and upper right-hand corners of an arbitrary 2 x 2 array. When
this pattern occurs, the symbol-scription SSL stage generates an output pattern

consisting of a bright top row and a dark bottom row. This step is accomplished by
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Figure 13.9 Recognition of "T." [Input pattern is the upper two rows.

The output of the two successive AND-gate operations used to look for

Is is shown below, clearly indicating the presence of three T's.
an AND-gate operation using the output of the recognition stage with the strong
holding beams. If the desired pattern is not present, the output is low, the result of

lower branch transmission.

PATTERR RECOGI TI08 svmtcmm

Figure 13.10 Simple but c;gmplete SSL experiment using two ZnS-IF
AND gates. The marker "' indicates the position of the bottom right-
hand corner of the 2 x 2 array if no shifts are performed.

155




The desired diagonal pattern is recognized by dividing the input into two equal
parts and recombining them on a ZnS AND gate after shifting one pattern up one
square and to the right one square. If both squares on the desired diagonal are
bright, there will be two units of light, enough to turn "on" the AND gate in the
upper right square of the 2 x 2 input array. A mask is used to avoid the ambiguity
that occurs if this 2 x 2 array is embedded in a larger array and the same pattern
recognition executed. Although the computations accomplished by these experiments
are simple, they illustrate pattern recognition, cascading, and symbol scription. In
addition, the experiments require considerable expansion of single-beam techniques,
including beam division, multiple-beam focusing and re-imaging. nonlinear etalon
uniformity and stability. Techniques that are easily extendable to massive parallelism
(100 x 100 arrays or greater) were used wherever possible (though this is not yet the
case for the symbol-scription stage reflected in Fig. 13.10).

13.4 One-Bit Adder Experiment

An element essential to a digital optical computer designed for numerical
computations is an all-optical full adder. A one-bit full adder is examined here.

Addition can be performed by SSL. The substitution rules shown in Fig.
13.1(b) are for the addition of two one-bit numbers: zero plhs zero is zero with no
carry, one plus one is zero with carry of one, etc. These rules are constructed to be
operated in parallel. However, the logic operations required to implement the rules
are not unique. One possible implementation scheme is shown in Fig. 13.11, in
which the four input pixels (2 bits) are labeled 1, 2, 3, and 4 from top to bottom.
The top part of the carry is bright only when both | and 3 are bright, so a simple
AND gate is needed. The lower part of the carry can be determined by an OR
operation. The AND and OR operations can be performed on the same filter if the
holding beam intensities are appropriately different. Thus, one-bit addition can be
accomplished with three channels: channel | is for both parts of the carry bit,
channel 2 is for the upper pixel of the sum bit, and channel 3 is for the lower pixel
of the sum bit. An alternative for channel | is to add an additional "zero" before
performing an AND gate operation, instead of varying holding beam intensities for
AND and OR gate operations on the same IF. Both implementations for channel 1|
are equivalent, except that the latter requires only an AND-gate operation. An
example, in which binary addition of one plus one is explicitly executed, is shown in
Fig. 13.12. Each channel should have the same optical path, to avoid delay error
when the outputs are combined. Note that there is only one bright spot in the sum

and one in the carry; therefore, one spot is the complement of the other. Thus a
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good inverter would simplify the nonlinear decision making greatly. Extension to an
n-bit adder is simple, with the same implementation except that n x 4 pixels and
n + | iterations are required to achieve the final answer. A block diagram of an n-
bit adder using SSL is shown in Fig. 13.13. The carries will automatically propagate
for symbolic-substitution n-bit addition; thus, an n-bit full-optical adder is feasible.

13.4.1 Experimental Realization

To implement a one-bit adder, | x 4 collimated equal beams are required if the
input bits are defined by blocking the beams appropriately. Implementation has been
accomplished by first shifting parallel one mirror of a Sagnac interferometer to obtain
the desired separation for | x 2 equal beams and then repeating this operation to
produce 1 x 4 equal beams. The Sagnac interferometer ensures equal optical paths.
Half-wave plates can be used to balance the powers of the | x 4 beams. According
to the scheme in Fig. 13.11. one must copy the pattern, shift one copy up two
squares, and recombine them on ZnS interference filters which act as AND and OR
gates for different channels. The modulated holding beam is held so that two inputs
are required to form logic "one" for an AND gate while only one input is required
for an OR gate, as depicted in Fig. 13.12. The ZnS interference filters are operated
in a bistable mode with a holding power of 20 to 40 mW and a fan-out of 3 to 4 in
the experiment. Masking operations can be performed to block undesired non-
overlapping portions. The 1 x 4 beams must be focused onto ZnS interference filters
to achieve the intensity required for switching. A fly-eye lens array with 1-mm
pixel separation is used for this purpose. Cascading, which has been demonstrated,
is required for each channel.

Each channel has been constructed independently and shown to implement the
sum rules correctly for all four input conditions. A lack of optical components has
prevented simultaaeous operation of all three channels.

It is noted that the Sagnac interferometer is an awkward way of dividing a
beam into multiple beams. The combination of a phase grating or a hologram
(discussed in Section 10) with an aberration-corrected and flat-field lens should
produce an array of spots as close together as crosstalk will allow. One then can
image the output from one filter onto the next filter. To take full advantage of free-
space interconnection, the transmission peak of the ZnS IF must occur at the same
wavelength everywhere on the filter, and the wavelength must be carefully chosen

for perpendicular operation, with the filter situated normal to the beam.
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Figure 13.11 One manner of implementing the one-bit adder.
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Figure 13.12 Explicit addition of "1 + 1" by a one-bit adder is shown
schematically.
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Figure 13.13 Block diagram of an n-bit adder.

13.5 Discussion

The advantages of optics, such as free-space interconnection and parallelism, and
the use of 2-D ai'rays of bistable logic gates to make decisions, are clearly
demonstrated in our simple symbolic substitution logic experiments. The extension of
the current system to one having larger decisiun-making arrays with more stages, or
even to one using faster optical logic gates such as GaAs to implement more
sophisticated digital optical computing, will bring the following challenges.

First, although the dual-rail encoding of SSL simplifies thermal stabilization,
doubling the device area results in some tradeoffs in the implementation of SSL.
Another method using polarization encoding was proposed by K-H Brenner [13.3].
However, this method involves a more complicated optical system for encoding the
input data and requires more optics for each iteration, leading to problems similar to

those experienced in our experiments. In addition, combining input beams with
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different polarizations is difficult. The optical system for SSL offers additional
challenges to linear optics, including formation of several equal-power parallel beams
from a single beam; splitting and recombining arrays of beams; and combining more
than three inputs without loss.

Although SSL, in principle, could be applied to perform all arithmetic operations
such as subtraction, multiplication, and division, it remains to be seen if SSL. in
practice, will ever be implemented as a digital optical computer to compete with its
electronic counterpart. The amount of cptics required to perform an n-bit full adder
will be substantial, based on the results of our one-bit adder experiment, and the
problem of decreasing efficiency for each iteration must be addressed. This suggests

that number-crunching is a questionable application for SSL in the future.
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14. AN ALL-OPTICAL EXPERIMENTAL REALIZATION OF
ASSOCIATIVE MEMORY [14.1}

As in Section 13, the all-optical systems described in this section demonstrate
the use of nonlinear devices to make decisions. Conventional optical components are
employed in the experiments described in Section 13 to manipulate the orientation of
the processing beams. Here, in the associative-memory system. conventional optical
techniques play the key processing role through matched filtering of a partial input.
The nonlinear optical decision-making element utilizes the output of the matched
filter, the cross-correlation beams, to determine the closest match. The corresponding

hologram then is read with a counterpropagating beam.

14.1 Motivation and Concept

The experiments in Section [3 illustrate AND-gatg operation, cascading, and a
moderate amount of parallelism. They also illustrate the difficulties of dividing a
beam into many beams so that each decision-making pixel receives the same amount
of power in approximately the same cross sectional area. These geometrical optics
difficulties and the high power requirements of large arrays of nonlinear decision-
making pixels are formidable hurdles in the realization of massively parallel optical
computing systems. Moreover, as seen frum experiment. each two-spot recognition
requires a path composed of a shifter, a lens system and a nonlinear decision-making
element; extension of the technique of the three-spot pattern recognition to more
complicated pattern recognition is improbable because the power continuously
decreases and more optics are required for each subsequent path. It is concluded
that, at this stage, it is not practical to perform pattern recognition in this way unless
an innovative method to handle the regenerate feedback loop is devised. This
conclusion suggests that the best application of nonlinear decision-making may not be
in numerical computing, which is already accomplished easily with electronics.
Rather, the best application may be to combine more traditional optical techniques of
image processing, for example, real-time correlations, with a limited amount of
nonlinear decision-making. Only if several correlation peaks or other events occur
simuitaneously will the system activate an appropriate response. An example of such
an application is the associative memory.

An associative memory can be defined as a memory in which a stored piece of

information can be retrieved as a whole when a probing input is only partially
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complete or even distorted. Memory and thresholding functions are two essential
ingredients to the associative memory, and the main advantage that optics offers is
the capacity to provide the massive parallelism required for global interconnections.
A Fourier hologram can be used to memorize or store a set of images, and the
available recording materials range from emulsion-based to crystal-based materials.
Decision-making feedback can be provided by the thresholding function of nonlinear
devices such as ZnS or ZnSe IFs, GaAs etalons or photorefractive crystals.

Suppose one has a Fourier transform hologram formed by different object waves
o; and their corresponding reference waves r; as shown in Fig. 14.1, where O; and
R; represent the Fourier transforms of o; and r;. respectively. The hologram is
recorded in the linear exposure region of a photosensitive recording material, and
then the developed hologram returns to its original recording position, that is,
dg = dy, = f as in Fig. 14.1. An incomplete or a distorted version 6i of o, is used
as a reconstruction wave, therefore the amplitude transmitted by the developed

hologram is proportional to

6iZI O;+R;|* = aiz(l 0;|+[R;|?
i i :

+ Zﬁioiﬁi +Z€)i6iRi + intermodulation terms , (14.1)

1 1

where C-)i and ﬁ, are the complex conjugate of transformed object waves O; and

reference waves R,. The wave term Z@i(-)iR‘- becomes Z(ai‘c')i)‘ri after one

i i
more Fourier transform operation, where o;«F~0Q;, r;«F =R, and * denotes a

convolution operation. If 6i is close enough to 6,-. then correlation ; and §; will
have a sharp peak and r; will be faithfully reconstructed. However, the faithful
retrieval of the original object wave is of major concern in data processing. One

way to retrieve o; is to propagate the wave term Z@i(-)iRi in Eq. (14.1) onto the
i

hologram again, that is, to multiply by the stored wave term Zoiﬁ,- in the
i

hologram, to obtain the wave term Z[ﬁi(-)i]l R;|20;. Therefore, o; can be recalled
i
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as long as 6i and O; are closely matched [14.2]. An alternative to retrieving o; is.
first, to perform one more Fourier transformation and then to use nonlinear
thresholding devices on the transform plane to perform decision-making, if R; is a

plane wave.

U ) ) )
(o) .
Us(Xas Yo) up( xp, Y1) Un (Xn, Yn)

= dp —e— oy —f

Figure 14.1 Schematic optical layout for recording a Fourier hologram
and its application for associative memory

Recent work involving associative memories based on various thresholding and
feedback schemes ([14.2, 14.4), and several optical implementations have been
demonstrated [14.5-14.8]. The optical associative memory discussed here, which is
similar to that presented by Soffer, et al., decides which stored object most closely
matches a partial-object input [14.9]. The associative memory employs two elements.
The first element, a Van der Lugt correlator, gives an analog ‘degree-of-match’ value,
and the second. an optically bistable interference filter, gives a binary thresholding
response.

The idealized system works by writing Fourier transform phase holograms,
sequentially multiplexed in reference beam angle, of the different objects. The test
object then is correlated with the stored objects, giving angularly separated cross-
correlation beams. Each beam is focused onto an optically bistable IF where the
decision of closest match is made at the central peak positions.

The interference filter has the following characteristics: structured
G(HL)*2H(LHPG with a linear transmission of 54% at A\ = 513 nm; FWHM = 15 A;
and minimum switching power of 22 mW. The interference filter was used in

conjunction with a holding beam in this experiment. Power is supplied, in this case
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exactly counterpropagating with each correlation beam. in order to bias the device
very close to the switching threshold. Only the minimum switching power then is
necessary to push the device into the transmissive mode. This process reduces the
required correlation power and thus the power through the hologram. The
counterpropagating bias beam also facilitates the recall of stored objects.

One of the beams. corresponding to the most closely matched stored object, is
sufficiently intense to provide the minimum switching power, allowing the holding
beam to colinearly counterpropagate to the hologram. Because this beam is a plane
wave at the proper incident angle to the hologram, it reads the appropriate object
from the hologram. and the object is propagated back through the optical system.
Also, because the hologram is thick. only this object is Bragg matched; no other
objects are read out. This overall process is the auto-associative mode of operation.
A partial object input recalls a reconstruction of the same object.

If the holding beam is propagated to another hologram or transparency a hetero-
associative recall can also be ‘performed. In this case any output can be associated
with a matched partial input.

14.2 Experimental Apparatus _

The experimental setup is shown in Fig. 14.2. In the recording stage, a
collimated beam (the object beam) illuminates a transmissive object, a black-ink
fingerprint on a slide. The object beam is transformed by a lens onto the Fourier
plane where a holographic grating is formed by interfering with a collimated
reference beam in dichromated gelatin (DCG). Two separate objects, labeled F2 and
F3 (Fig. 14.3), were used in the experiment. F2 was interfered with a reference
beam angle of 47° at the Fourier plane, and F3 was interfered with a reference beam
angle of 58°.

Volume holograms have been shown to be better than the thin hologram in the
application of matched filtering. resulting in better SNR, increased brightness of the
correlation peak, and better spatial separation of the output signal [14.10]. DCG, one
of the volume hologram materials, is a near-optimum hologram recording material, but
it suffers from tedious processing. A considerable effort was made to optimize the
DCG hologram [14.11]. More details can be found in Section 10.

The system require optimal discrimination to permit a minimal partial-object
input. Switching power constraints for the optically bistable IF dictate some
minimum auto~correlation efficiency. These requirements lead to a trade-off between
system efficiency and discrimination. The object fingerprints. consisting of parallel

.curved ridges of roughly equal spacing, have a fairly low modulation depth. thus
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Figure 14.2 Experimental arrangement for associative memory.

only 20% of the power was in the diffracted "information ring" of the Fourier
transform (Fig. 14.4). In addition. by line scanner, the relative intensities of the
Fourier transform information showed a large dynamic range, from 1:15 to 1:500
compared to the zero-order. Such a large dynamic range generally cannot be
accommodated by a recording film. This problem may be treated in two manners.
First, one may wish to operate away from the Fourier plane, at a plane where the
light distribution is more homogeneous. This should imply less object discrimination
and less immunity to shift, scale and rotation. Second, one may wish to encode the
object on a homogeneous spatial frequency "background." for example, a Lambection
plate. This method produces high discrimination due to the Lambertion alone and
also has very poor scale, shift and rotation behavior.
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(a) F2, (b) F3.

Figure 14.3 Object fingerprints:
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(a)

(b)

Figure 14.4 Photograph of the Fourier transform plane for the object
fingerprints: (a) Fourier transform plane for F2; (b) Fourier transform
plane for fingerprint F3.
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Usiag carefully centrolled oojects. where the distinctive properties of the object
will produce standard intensity Fourier transforms, diffraction efficiencies greater
than 90% may be obtained. This efficiency degrades rapidly with the number of
stored abjects, depending on the method employed to store the holograms. The phase
dynamic range of the holographic media is limited.

It is important to determine the appropriate reference/object beam ratio to give
optimal grating visibility for the best efficiency while maintaining sufficient
discrimination. It is also critical to ensure that the zero-order saturated the DCG, so
that the holographic fringes are suppressed. This step eliminates the contribution to
cross-correlation attributed to the zero order. Even when the zero-order saturates the
DCG, some unwanted modulation occurs in the wings of the feature. Large
diffraction from the zero-order would destroy the discrimination, because all objects
have similar zero-orders. It was found that a reference-to-object ratio of 1:20 in the
Fourier transform plane (taking the peak of the zero-order as the object intensity)
and about 190 mJ/cm? exposure gave 4% auto-correlation efficiency; the efficiency-
discrimination trade-off was in this way maximized.

The arrangement of relative spot-sizes between the holding beam and the
switchirig beam is crucial in this experiment. It was observed that, under the well-
aligned condition, a holding beam with a spot size larger than that of a switching
beam is more effective in switching a bistabie IF. rather than the opposite case.
This is because the Gaussian-beam intensity profile of a holding beam has a smaller
gradient for a large spot than for a small spot; the resultant intensity of the former
case therefor would have a higher possibility of reaching the switch~on threshud. In
addition, a better recall of the associative memory can be obtained if a higher
contrast is available for the nonlinear etalon.

14.3 Results

During operation of the system. one of the objects was partially obstructed and
illuminated (Fig. 14.5), causing auto-correlation beams to be diffracted from the
hologram at the two reference angles. The autocorrelation peaks can be seen for F2
and F3 in Fig. 14.6, for the unobstructed and partial cases. For a partial input, the
discrimination ratios (auto-correlation intensity versus cross-correlation intensity, in
the correlation plane) of the correlation peaks were 50:1 with F2 as test object and
10:1 with F3. The reduced discrimination for partial F3 innut was attributed to its

smaller modulation depth, resulting in a larger zero-order content.
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{a)

(b)

Figure 14.5 Partially obstructed objects: (a) F2, (b) F3.

169




(@)

(b)

Figure 14.6 Cross-correlation beams for partial and whole input objects.
(a) Upper; partial F2 input, Lower; whole F2 input. (b) Upper; partial
F3 input, Lower; whole F3 input.
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The auto-correlation peak for the partial-object input was of sufficient intensity
(about 3 mW in a 100-um-diameter spot) to switch the optically bistable IF into the
transmissive mode with a 20 mW holding beam (Fig. 14.7). Switching of the
optically bistable IF allowed the counter-propagating holding beam to read out the
hologram. The auto-associatively reconstructed image from a single readout beam
(Fig. 14.8(a)) had a contrast ratio of 2:1. The hetero-associative reconstruction
yielded similar results, as seen in Fig. 14.8(b). Because the diffraction efficiency of
the hologram was only 4%, at least 75 mW of object input beam power was required.
causing dynamic thermal damage in the DCG. The poor quality of the reconstructed
objects was attributed to this thermal damage.

Figure 14.7 Optically bistable IF response: Upper, switched on by the
correlation input (vertically off-set for clarity), Lower; switched off.
(Trace describes input holding-beam intensity, -x, versus transmitted
holding-beam intensity, y).

Decision-making was demonstrated on only one cross-correlation beam at a time,
having determined that sufficient discrimination was present to preclude simultaneous
switching of the beams. However, if two devices had been installed each would
have produced an off-state recall (from the off-state linear transmission of the
holding beam through the IF), further degrading the on-state recall discernibility.
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(a)

(b)

Figure 14.8 Recalled object F2. (a) Auto-associatively recalled: Left;
switched off, Right; switched on. (b) Hetero-associatively recalled; Left;
switched off, Right; switched on.
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In a previous experiment one object was stored, the letters "WX," a partial
input, was recognized, and associative recall was executed (Fig. 14.9). In this case
discrimination was not necessary (only one object was stored) so that increased cross-
correlation efficiency could be obtained through the use of the zero-order. High

quality recall was facilitated because thermal damage was not an issue.

Figure 14.9 Recognition of partial input for stored "WX." Top; partial
input, Bottom left; recall switched off, Bottom right; recall switched on.

14.4 Some Practical Details

It is well known that holographic recording materials have a relatively narrow
linear rémge. Increasing the reference-to-object beam ratio will produce nearly linear
recording. however, the diffraction efficiency strongly decreases. A tradeoff here can
be “tained experimentally by plotting efficiency versus exposure wiih different
reference-to-object beam ratios as parameters. Assume two exposing beams of
incident intensities I, and I, it has been shown that the diffraction efficiency n of
real recording materials can be expressed as a function of the average exposure E,
and visibility V [14.12):
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VB V) = SEQ.VIEV . (14.2)

where E, = (I + I)t. t is the exposure time; V = visibility = 2VI, I, /(1,+1,)
= 2V/(BR)/(1+BR); BR = beam ratio = I,/I, or I./I,; and S is a non-consiant factor.
This procedure was performed to estimate the optimum exposure needed for
recording the Fourier transform hologram in the associative memory experiment.

The Fourier transform of a fingerprint has a fairly large zero-order term, which
places a large dynamic range requirement on the hologram to avoid distortions of the
stored object information. These distortions come mainly from burnouts in the zero-
order or dc term, which act as a high-pass filter, leading to edge enhancement that
can sometimes help discrimination. However, this situation is not generally preferred.
because any further adjustment of a lens after the occurrence of a burnout can
encourage more burnouts to occur over the area that surrounds it. The information
stored would be smeared or completely lost.

To prevent undesired burnout, a tolerance analysis of the positioning errors is
made through an exact Fourier' transformation in the following as one refers to the
optical layout shown in Fig. 14.1. In addition, the deviation from plane wave
illumination on an object, particularly the effect on the Fourier transform caused by
spherical beam illumination, is discussed.

Let u,(x,. ¥o) Up(Xye ¥y)o up(xy. ¥,) be the electric field amplitudes on the
plane of an object, a lens with focal length F and a hologram respectively. Each
field has its own coordinate. Superscripts -, + represent the field amplitude before
and after that plane. From the diffraction theory [14.13], the field before the lens
Uy~ (Xy. ¥y) can be expressed as follows.

X
kd =g
u'-sl—-—o- X —l-.?\?u(x ) qlx 4 M, (14.3)
t ikdo q|Xgs Yoo \do olXos ¥o) AlXos Yo A, ﬂix_)él_ . .
]
The field after the lens uy*(x,. y,) is

where the quadratic phase factor is defined as q(x.y.a) = exp[ir(x3+y}a): the
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propagation constant k = 2¢/A; n is the refractive index of the lens material; eiknT ijs
a phase factor due to the lens thickness T; and p(x,.y,) is the pupil function of the
lens.

Assume the lens is sufficiently large so that there is no vignetting. and with
good homogeneity and constant thickness so that there is no phase error incurred
when the waves propagate through it; therefore the eknT term can be dropped and
p(x;.y,) can be taken as unit over the range of integration. After some algebra, the

diffracted field on the hologram u(x,. ¥,) can be expressed as follows.

w eik(do +dy) l-W/d,
U = Y IRE.d, M Yh T

1-w/d } ikroxn +Yoyn) g 145

dx,dYo Uy (Xe.¥0)A[Xe: Yo ——2 €
A,

W is defined as ;:,- -33: -—Fl- +é, and eM9%*%) results from the total phase shift
along the optical path which is a constant and can be dropped.

Note that the Eq. (14.5) is an exact expression. Refering again to Fig. 14.1,
four different conditions will be considered here according to practical simations:
1) a positioning error of the object; 2) a positioning error of the hologram; 3) an

exact Fourier transform; and 4) a source of spherical illumination.

1) A positioning error of the object, that is, d, = F but d, # F.

oJufa) (o]

1 €
uh - i-i-l?q[xh' th ﬁ]'[]dxodyouo(xoc Yo) e °

Let d, = F-¢, . then we have

¢=2h

=X

- ;%Fq [xh- Voo {lg,]grsr{uo(xo. Yol palu (14.6)
F

The phase term q(-*-') in the above expression indicates that the exact Fourier

transform lies on a spheric surface of radius F*/e,.

2) A positioning error of the hologram, that is, d, # F but d, = F.
Let d, = F-¢, then we have
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To accurately represent the Fourier transform of an object, the phase factor q(::*) in
the integrand of Eq. (14.7) should be equal to unity, that is, a condition
€ <<FPA(x3+y?)1axs Should be satisfied, where (x*+y?),.., iS the maximum extent of
the field over a lens. This condition represents the positioning tolerance of a
hologram that can be placed away from the exact Fourier transform plane to prevent
a zero-order burnout, but still can maintain the fidelity of the Fourier transform. A
numerical example is taken from the associative memory experiment: if F = 254 mm.
A\ = 514.5 nm and (x*+y?)p,,« = 38 mm, then ¢, = 870 pm.

Note that case 2) places a more stringent constraint on the positioning
tolerance of Fourier transform than does case 1) if the intensity distribution rather
than the field distribution is of main concern. This is because the quadratic term in
case ) is outside the integral, while in case 2) the quadratic term is inside the
integral.

3) An exact Fourier transform, that is, d; = d, = F.

sXh
| =3F
Uy = e F Fluglt,. Yol =l (14.8)

Note that the Fourier transform into the frequency domain is expressed in terms

of [%%TYFI‘L] which means that the scale of the distribution in the transform plane

is dependent on the wavelength of the illumination and focal length of the lens.

4) A source of spherical illumination.

It is noted that an object, for example, a transparency, must be illuminated with
uniform plane wave to give the exact representation of an object field U, (X,.¥,) in
Eq. (14.5). However, from a practical viewpoint, deviaiions from a real plane wave
may occur. To some extent these deviations can be measured and corrected through
optical testing techniques. The effect of the deviations can be simulated by a general
situation, that is, through illumination by a spherical wave with a radius of curvature
R. For a perfect plane wave, R equals infinity, a diverging-wave R is positive. and

a converging-wave R is negative. Because a spherical wave can be represented by a

176




quadratic expression, Uqy(Xy.¥,) iti Eq. (14.5) is replaced by
[-i)‘l—Rq[xo.yo.%]]uo(xo.yo). The phase factor q(----) in the integrand becomes

ﬁq [xo. Yor [dL- (%4» %]/k] after taking into account the spherical wave
o Gy
illumination. Other terms in Eq. (14.5) remain the same.
Therefore, the Fourier transform can be obtained only when
1 w 1 .
a -doz ‘R 0, that is. when

S
3 " F "Red, (14.6)

This expression indicates that under a spherical illumination the position of the
Fourier transform depends on d, and R. When R = oo, that is, under plane wave
illumination, the Fourier transform is still at 'the plane d = F. In practice, the
choice of a collimating lens is important. In general, a lens of longer focal length
has a larger radius of curvature, which can tolerate more collimation errors. A
larger aperture, however, is required to prevent vignetting. In contrast, a lens of
shorter focal length has less tolerance of the collimation error. Use of a shorter lens
may cause undesired diffraction, incurred by the correspondingly small aperture,

which affects the efficiency and resolution of the Fourier transform hologram.

14.5 Summary and Discussion

‘An associative memory for fingerprint identification has been constructed using
a Van der Lugt correlator and an IF as a thresholding device.

In the associative memory the DCG holographic Van der Lugt filter limited the
performance of the system. Although the object employed was responsible for
certain aspects of the experimental difficulty, even under ideal object conditions the
diffraction efficiency achievable will be a limiting factor. This problem is
aggravated as the number of stored objects is increased [14.14]. Photorefractive
materials may serve to increase the number of stored objects, by means of their large
material thicknesses, but typically the diffraction efficiencies are even more limited
than with DCG holograms (see Section 12). The power throughput requirements
dictated by subsequent nonlinear devices can also introduce serious complications,
becasue of the storage and erasure dynamics of photorefractive holograms. These

dynamics can also introduce new flexibility to the holographic element.
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Optical nonlinear devices were successfully employed as decision-making
elements in these all-optical systems. However, the limiting aspects of the nonlinear
devices and the holographic element were felt even in these comparatively simple
systems.
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15. ALL-OPTICAL COMPARE-AND-EXCHANGE SWITCHES

15.1 Introduction

All-optical compare and exchange is experimentally demonstrated using ZnS
optical bistable devices. The compare-and-exchange demonstration utilizes
polarization multiplexing and filtering, latching, and bidirectional logic. The
combination of two-dimensional arrays of compare-and-exchange modules with optical
perfect-shuffle interconnections leads to pipelined optical sorting networks that can
process large numbers of high-bandwidth signals in paraliel. Optical sorting
networks with these characteristics are applicable in telecommunication switches,
parallel processor interconnections, and database machines.

Sorting 1> one of the most common and well-understood topics in computer
science.  Serial-sorting algorithms require at least O(N logN) temporal complexity
[15.1]. Hardware based on parallel sorting algorithms offers enhanced performance
on problems that must rapidly sort large quantities of information. Since the number
of clock cycles, devices, and interconnects are limited resources in any procssfng
environment, we need parallel algorithms with sublinear temporal and practical spatial
complexity. In addition, the algorithms we choose must be optimum with respect to
our specific implementation technology. For instance, the mesh algorithms developed
for VLSI require only nearest-neighbor connections and are sublinear ONN'/?) in
temporal complexity [15.2). Unfortunately, mesh algorithms must finish sorting one
sequence before beginning another; thus, their throughput is limited by their latency.
Although the shared memory [15.3] and some network [15.4] algorithms have the
lowest temporal complexity O(logN) of all sorting algorithms, but are not practical
with current technology because they require globally reconfigurable interconnects
and excessive spatial resources, respectively.

Network algorithms based on the bitonic sort [15.5] have sublinear temporal
complexity Of(log?N). Moreover, they can be pipelined in stages for high throughput;
and thus are useful in problems where throughput is as critical as latency. But the
bitonic sorting network requires at least one globally connecte¢ interstage
communication pattern. For instance, the perfect-shuffle [15.6] connection pattern
transmits half the information present in the top half of a list to the bottom half and
vice versa. Because VLSI is confined to the two-dimensional surface of a chip and
electrons in wires are capacitively coupled, practical electronic perfect shuffles are
limited to small numbers of channels and low data rates. In contrast, the

noninteracting nature of photons and three-dimensional connection capability of optics
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allows optical perfect-shuffle networks to have large numbers of parallel channels
and high data rates [15.7-15.9]. Thus, optical sorting networks based on the perfect-
shuffle interconnection and the bitonic algorithm are desirable when the number of
communication channels or the data rates exceed the capabilities of electronic systems.

In particular, optical sorting networks are applicable in telecommunication
switches that route high-bandwidth optical data packets [15.10]. Telecommunication

switches must handle many parallel channels, have low latency, and keep up with the

packet-generation rates. Similarly, high-throughput sorters serve as the
communication fabric of electronic multiprocessors [15.11]. In these parallel
processors, the number of processing elements. and thus the computational power, is
governed by the number of parallel data channels. Furthermore, the throughput of
each processing element is limited by the latency and throughput of each
interconnection. In addition, sorting hardware may serve as dedicated subsystems for
parallel database operations [15.12] in conjunction with optical memories [15.13).
Parallel and independent memory access can gescrate data rates beyond the
capabilities of electronic systems. ,

Network sorting algorithms need. in addition to perfect-shuffle interconnections.
2x2 self-routing crossbar switches where each routing decision depends on the
relative magnitude of the local information. Hence, we desire implementations of the
2x2 self-routing crossbars that are compatible with optical interstage connections and
fulfill the requirements of bandwidth and parallelism in sorting applications. The
function of such self-routing crossbars can be separated into the operations of
comparison and exchange: comparison determines the relative magnitude of the local
data; exchange configures the crossbar switch dependent on the cutcome of the
comparison.

In all subsequent discussions, we assume a binary representation for the data.
Overscores represent the invert operation; thus, ﬁ, and 1-2, are the logical
complements of the system reset. Brackets "[ ]" contain a latching condition which
we will explain shortly.

An algo.i*hm for compare and exchange proceeds as follows: we label the
synchronous input channels A and B. and operate serially from most to least
significant bit. If A; > B; occurs before B; > A;, where i represents the bit position,
then the switch latches into the "don‘t-exchange" position. Conversely, if B; > A;
occurs, thea the switch latches into the exchange posiuion (see Fig. [5.1). Latching
implies that once an inequality has been detected. the exchange switch becomes set

into one particular configuration until the system is reset.
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Figure 15.] The compare-and-exchange module. E represents the
exchange signal, A, B represent the two input numbers, and H, L
represent the higher number and the lower number, respectively.

Optical bistable devices have the potential for high-speed optical signal
processing and computing [15.14, 15.15]. ZnS and ZnSe bistable interference filters
have already been used to demonstrate simple digital optical _circuits, pattern
recognition, symbolic substitution, and one-bit addition, because they can be operated
in the visible spectrum and are relatively easy to fabricate [15.16, 15.17]). We have
experimentally demonstrated a circuit that performs compare and exchange with ZnS
interference filters as bistable devices. Here the ZnS interference filters are used in
less common modes of operation including latching and bidirectional logic. In
addition, we have employed polarization multiplexing and filtering to achieve channel
isolation, four-port bidirectional devices, and reduced feedback.

15.2 Compare-and-Exchange Circuit Design

More than one circuit design is possible for comparison [15.18]. Figure 15.2 is
a schematic of our comparison circuit and consists of three parts. The first part is a
comparator to distinguish between the cases where A; > B, or A; < B; (Fig. 15.3
illustrates this by generating A;B; and AiB,). In the second and third parts, two
latching gates are employed, so that when A < B A,B; = | comes first, and one
latching gate will be switched on to give an exchange signal E = 1. The gate
remains in the on state until all the bits of A and B are transmitted. Similarly,
when A > B, Aiﬁi = | comes first, and another latching gate will be switched on to
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prevent the exchange. From Fig. 15.3 we see that Aiﬁi =1 and ;\iBi = | never
occur simultaneously, making it possible to separate the state of the latching gates.

A, =\ ABi (RAB)]
E ~{[R(A;B)JR(A,B)]
7 L |
AB;

Figure 15.2 Compare circuit in which L indicates the latching logic gate.

A; B AB; AB;
0 O 0 0 ‘
0 1 0 1
1 0 1 0
1 1 0 0

Figure [5.3 The use of A,-B,- and 2,-8,- to compare A and B. When
A OB, A;B; = I will appear first. When A B, A;B; will appear first.

However, there is more than one way to implement exchange. The appropriate
choice depends on the application requirements, the technology characteristics, and the
corresponding comparison circuit. For demonstration purposes, we will construct an
active exchange module. If the exchange signal E = 1 is present, it sends B to the H
output and A to the L output. Otherwise, if the exchange signal is 0, it sends A to
the H output and B to the L output.

The above discussion shows that our circuit design needs a comparator, two
latching gates, and an exchanger. Figure 15.4 shows that Aiﬁi and AiBi can be
generated from a single bistable etalon by using its reflections from both sides. such
that a single bistable device can be used as a comparator. Also, the latching
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operation is natural for bistable devices, so that the two latching gates are just two
bistable devices. Another bistable device is used as the exchanger with its
transmission determined by the exchange signal. The details of their operations are

discussed in the following section.

Figure 15.4 Generation of A,-:S’,- and f-liB,- using a single bidirectional,
reflection-moce Fabry-Perot etalon.

15.3 Experimental Demonstration

The experimental layout for the compzre-and-exchange circuit is shown in
Fig. 15.5. An argon laser and a phase grating generate four optical beams, each
having a peak power of about 40 mW. A chopper modulates beams A and B with
the test sets, and blocks the holding beams ﬁ, and ﬁ, between each test set to allow
the latching gates to reset. A half-wave plate gives the two holding beams ﬁ, and
R, s polarization.

For the experimental demonstration of all-optical compare and exchange, we
choose test vectors of A = 110001, B = 101011 and A = 10001!, B = 110101. In the
former set of test vectors, A; > B; occurs first; permutations of A;B; follow to ensure
that the switch is properly latched. Similarly. for the latter group of test vectors we
find that B > A and demonstrate the exchange stability to further permutations.
Until the first mismatch, the position of the exchange switch is not important to first-
order approximation, because the output data streams are identical. In Fig. 15.6, we
depict the expected operation of the latching compare and passive circuits described
above for both test sets. All data used in the simulations are based on the structure
of each filter. The curves are drawn upside down to be consistent with the
experimenta! photographs. We see that whether A > B or A < B. the larger number
always goes to the H output. We did not fit the simulations to the experimental
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Figure 15.5 Experimental layout for all-optical compare and exchange
with IF-ZnS interference filter, \/2 - half-wave plate, \/4 - quarter-
wave plate. E represents the exchange signal, A, B represent the two
binary encoded numbers, and H, L represent the outputs of the larger
number and the smaller number, respectively.

results because we wanted to show the ideal results with suitable devices. The
transfer functions shown in Fig. 15.7 used the same data.

The compare circuit operates in th: [oiicwing manner. The circularly polarized
data beams, A and B, are incident on tv  olarizing beam splitters (PBSs). These
PBSs serve two functions. One function is to sample the data beams for the compare
operation: the p polarization from the A channel propagates through the PBS for
comparison, the s polarization is reflected to the exchange switch: conversely, the s
polarization of the B beam is reflected for comparison and the p polarization
propagates through the PBS to the exchange switch while its polarization is rotated
by the half-wave plate to match that of A. The orthogonally polarized data beams
that were injected into the compare circuit are converted to circular polarization by
two quarter-wave plates. The circulﬁrly polarized data beams are incident on the
first interference filter (IF)).
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Figure 156 Expected operation of compare-and-exchange circuits test
set 1 and 2 on horizontal axis. All curves are drawn upside down
consistent with the experimental photographs. The vertical axes are in

arbitrary units.
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Figure 15.7 Computer-simulated transfer functions for the ideal
interference filters. The horizontal axes are input power in arbitrary
units and the vertical axes are reflectivity or transmissivity of the filters.
(a) Reflectivity R, of the comparator IF, with I, = 0, I, = A; (or B;),
and I, = A; + Bj. (b)_Reflectivity Ry of the latching NAND gate IF,
with I, = R,, and I, = R, + A;B;. (c)_Transmissivity T, of the latching
AND gate with I, = R,, I, = R,, I, = Ry + R|A;B; (or R; + A;B;), and
I, = R, + R\A;B; + A;jB;. ,(d) Transmissivity T, of IF, with I, = 0,
IQ-' E, I, = A; (or Bj), [} = Aj + E (or B + E}, I, = A; + B;, and

I = A; + B;i + E. (e) Reflectivity R, of IF, with definitions as in (d).
(f) The sum of (d) and (e).
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IF, operates in reflection mode as a bidirectional comparator. If B; is zero and
if A; is one, then the circularly polarized A; is reflected by IF,, converted to the s
-polarization by the quarter-wave plate, and reflected by the PBS to produce the
signal Aiﬁi. In a similar fashion, if A; is zero and B; is one, then the circularly
polarized B; is reflected by IF,, converted to the p polarization by the quarter-wave
plate, and transmitted through the PBS to produce the signal Ai B,. Thus, the PBSs
also function as part of a bidirectional switch. Because the filter inputs are A; and
B; and the outputs are both A;B; and A;B,. IF, is a four-port device.

[ﬁ,Aﬁ] is the exchange-prohibited signal from IF,, which works in reflection
mode as a latching NAND gate,as shown in Fig. 15.7(b). As long as Aiﬁi = 0, the
reflection of 1-2, is high, as it has been polarization rotated. It passes through the
PBS, causing IFs to switch on and the latch to have a high transmission when AiBi
becomes 1, as seen in Fig. 15.7(c). This is the exchange situation vith E = 1. If
Ail-Bi becomes 1, IF, switches on and latches to have a low reflectivity; the reflection
of R, will be low thereafter. If this sequence takes place before the first occurrence
of A;B, equal to 1, IF, will never achieve enough input power to switch on, and the
output of exchange signal E will always be low.

The final filter IF, is the exchanger, and works in both transmission and
reflection modes, as shown in Figs. 15.7(d) through (f). If both A; and B; are 0,
both outputs are 0 independent of the exchange signal. In the case that E = 0 and
ouly one of A; and B; is I, IF, will not switch on; beam A; reflects to the high
output on the right; beam B; reflects to the low output on the left. If both A; and
B; are 1. IF, switches on and has a high transmissivity and low reflectivity. Both
sides have a high transmission independent of the exchange status. The exchange
control signal E will move the transmission curve closer to the laser frequency.
When E = [, either signal (or both) can switch on the gate. A,; and B; then are
transmitted to the opposite sides, in other words, they are exchanged.

Figure 15.8 shows the results of the comparator. It demonstrates clearly that as
soon as there is a difference between A; and B;, the comparator has a high output to
the following corresponding gate, which then makes the appropriate decision. At the
first bit, numbers A; and B; are equal. The output changes rapidly from a high
reflection to a low reflection and produces a sharp peak pulse at the rising edge of
the output. If the signal pulse width is large enough compared to the width of the
sharp pulse, this sharp pulse will not have enough power and would not switch the
next stage. Before each comparison of the input numbers, 1-2, and 1-2, are reset to 1.
When the compare and exchange is complete, R, and R, are shut off. The system
waits for the next operation. Figure 15.9 shows the exchange-prohibited signal
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[ﬁlAE]. When A; > B;. this signal latches to a low output. Figure 15.10 shows the
exchange signal E which is the transmission of R,. On the left, although two cases
of B; > A; occur, E remains in its low state because the earlier occurrence of
A; > B; latched the exchange-prohibited signal to 0. On the right, A is larger than
B. When A; > B; first occurs, E is latched to 1, and therefore all the following bits

exchange their positions. The time delay at the rising edge of E is caused by the
switching speed of the device. Figures 15.1}1 and 15.12 show the results of compare
and exchange in the two cases of A > B and A < B, respectively.

15.4 Discussion

From the experimental results of the all-optical compare-and-exchange circuit,
one can see that the contrasts are not as good as those in the simulations. This is
because the filters used in the experiment were not specifically designed for
reflection~mode operation. Therefore. the low state of the reflection is higher than
we expected. However, even with such nonoptimal filters, the system worked.
Specifically designed reflection-mode filters, would improve the contrasts of the
outputs and decrease the power required. Another bistable optical device such as a
bistable 'aser amplifier, with its threshold set half way between the worst case levels
0 and 1. could amplify the outputs of the exchanger as well as enhance the contrast.
Then the outputs could be used to drive the next compare~and-exchange module in a
self-routing optical network.

It was difficult to obtain stable simultaneous operatién of all four interference
filters long enough to test the system, especially since the contrasts of the devices are
not good. The data in Figs. 15.8 through 15.12 were taken with only the relevant
section working. Figures 15.8 through 15.10 were taken from the compare unit
consisting of IF, through IF; and Figs. 15.11 and 15.12 were the results from the
exchange unit of IF,. While performing the exchange, we used a third beam having
the power consistent with the exchange control signal E. Therefore, the experimental
results do not show the delay as seen in the simulations. We also performed the
experiment with IF, and IFy producing a real exchange signal for the last gate, to
show that when A < B, the exchanger works.

It also was not easy to focus A, B, and E onto IF, and yield H and L without
energy losses when the respective polarization directions were considered. A 45°
Faraday rotation glass and a half-wave plate placed between the exchange control
signal E and IF, might solve this problem. A plane-polarized light beam passing
through the glass will have its polarization direction rotated through an angle 0
relative to the polarization direction of the incident beam. A beam coming from the
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Figure 15.8 _Experimental results of the inputs A, B and the logic
outputs AB, AB. The input powers are 11 mW each, and the output
power is about 5 mW.

Figure 15.9 Output of the exchange-prohibited signal R\AB. The upper
two traces show the two groups of numbers coming into the system. [n
the first group, A is larger than B and in the second one, B is larger
than A. The power of ihe holding beam is [9 mW, and the output power
is about 6 mi.
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Figure 15.10 Output of the exchange signal E. The holding power is
20 mW and the output power is 5§ mW.

Figure 15.11 The high output and the low output of the system with
A > B. The input power is 14.5 mW, and the output power is 6.5 mW.
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opposite c..ection will have its polarization rotated in the same direction. Let 6 be
45° and let the fast axis of the half-wave plate be 67.5° with respect to the incident
plane of vibration of E. The polarization direction of E propagating to the right will
be rotated 90°, while that of L. which propagates to the left, will be unchanged. A
Faraday rotator, as shown in the experimental layout, was not available during the
experiment. A half-wave plate was used to rotate the plane of the vibration of E by

90° and to make E go to IF,. By detuning the half-wave plate slightly, a small
transmission of L is detected.

Figure 15.12 The high output and the low output of the system with B >
A. The input power is 14.5 mW, and the output power is 6.5 mW¥.

The power of the exchange control signal E in our experiment is small
compared to those of numbers A and B. So the exchange operation in our case has
to be active. That is, when the exchanger is set to exchange status, it must be
switched on for each following bit. The operation speed, then. is limited by this
switching speed. However, if E could be twice as large as A and B, the exchange
could operate as follows. While E = 0, IF, cannot be switched on, and always
maintains a high reflectivity; the input signals are reflected back, and the exchanger
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operates like a mirror. While E = 1, IF, switches on and maintains a high
transmissivity, so that the input signals are transmitted to the opposite sides and
éxchanged. The advantage is that after the exchanger is set, data can have an
extremely high-speed transmission, as routing is linear after the exchange decision has
been made.

The polarization isolation is the key to the compare-and-exchange realization. It
not only reduces the energy losses in combining signals but also reduces the
influences of crosstalk and feedback. The effect of the unused transmissions and
reflections has been reduced to a minimum through polarization filtering.
Transmissions of A and B through IF, and the transmission and reflection of E from
IF, propagate back toward the source of A and B. The reflection of R, from IF,
reflects directly back. Half of the high transmission of R, goes to IF,. In this case,
however, a decision has been made, and IF, is no longer used until the next
operation begins. The transmission of AB through IF, can propagate to IF,. which
can only be high when an exchange decision is made. Half of the transmission of
AB from IF, can propagate then to IF,. This occurance can be eliminated with an
additional Faraday rotator which also prevents ﬁl from feeding back to IF,.

The use of the on-axis normal incidence extends the system to operation on
arrays. ;0 that two-dimensional inputs could. be compared and exchanged at the same
time in parallel.

Using two-dimensional arrays of bistable devices and folded perfect-shuffle
interconnections [15.18], optical sorting networks may be feasible for large numbers
of channels. First, however, system engineering issues must be addressed. These
issues include cascadability, uniformity. crosstalk, reliability, and heat dissipation.

The ZaS interference filters have relatively slow switching times (milliseconds)
because they are based on thermal nonlinearities, making real-system applications
unlikely. On the other hand, much faster compare-and-exchange modules based on
GaAs Fabry-Perot etalons [15.19] may increase the throughput of the sorting
networks. Optical latching circuits using GaAs bistable devices have been
demonstrated recently [15.20]. GaAs embodiments of the compare-and-exchange
designs demonstrated here appear ideal for packet-switching telecommunication
networks because GaAs etalons are diode-laser compatible [13.21] and allow rapid
reconfiguration of very-high-speed data channels.

In summary, all-optical compare and exchange has been demonstrated using
bistable optical devices. The ZnS interference filters used required a speed of 3 ms
per bit and a total four-filter power of about 100 mW. The experimental setup can

extend to operation on arrays and to other bistable optical devices. The switching
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times might be reduced to picoseconds using GaAs etalons, making the system more
competitive with alternative approaches.
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APPENDIX A. ROOM-TEMPERATURE EXCITONIC OPTICAL NONLINEARITIES OF
MOLECULAR BEAM EPITAXIALLY GROWN ZnSe THIN FILMS

A.1 Introduction

From the time optical bistability was first in GaAs and in InSb, a variety of
semiconductor materials has been considered for application to nonlinear signal
processing and to optical computing. Interference filters of polycrystalline ZnS and
ZnSe have been studied extensively, because they are easy to fabricate, and because
they can operate at room temperature and in the visible wavelength range [A.1-A.3].
Thermal nonlinearities have been employed in these interference filters, however,
resulting in inefficient switching with slow switching speeds [A.2, A.3]. Nonlinear
excitonic effects at T = 77 K also have been reported in ZnSe/ZnMnSe superlattices
[A.4]. We have observed large nonlinearities of electronic origin in thin films of
ZnSe grown by molecular beam epitaxy (MBE) at low and room temperatures [A.S,
A.6]. The nonlinear index of refraction also has been obtained.

Zinc selenide is a direct gap semiconductor, with a zinc blende crystal structure
and a relatively large band-gap energy of E; 5 57 v at T = 300 K, corresponding to
the visible blue part of the spectrum. Excitons in ZnSe are relatively strongly bound
with a binding energy Ep, a4 15 mev 2nd a Bohr radius ¥ 51 A [A.7]. For optical
bistability applications and for optimization of logic devices, the material must be
characterized. One must understand the origin of optical nonlinearities and know the
nonlinear refractive index over a range of wavelengths in the vicinity of the band

gap. Such measurements have been performed and are described here.

A.2 Experimental Results

The standard pump-and-probe method was used to determine the change in the
absorption coefficient as a function of probe frequency for various pump intensities.
The broad-band spontaneous luminescence emitted by a cell containing Coumarin-460
was used for the probe beam. The pump beam was generated by a tunable dye
laser using Coumarin-440. Both dye laser and dye cell were pumped synchronously
by the same nitrogen laser. Both beams were & 3 ns full-width at half-maximum
(FWHM), and were collimated and brought onto the sample so as to be coincident in
time and space. The spot diameter of the pump beam on the sample was 2 100 um
while the probe beam diameter was = 70 um. The wavelength of the pump beam
was fixed at 435 nm. generating an electron-hole plasma rather than excitons. The
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pump beam was polarized orthogonally with respect to the probe beam which allowed
a selective blocking of the pump beam before it entered the spectrometer. Only the
transmitted probe beam was collected by the optical multichannel analyzer (OMA).
The sample was grown by MBE on (100) GaAs substrates and was 0.55-um thick.
The GaAs substrate was etched away for the purpose of- the experiment. Samples
for this study were grown by MBE from elemental Zn and Se sources at a growth
temperature of 350° C and a Zn/Se beam pressure ratio of 1:3. Further details
concerning the growth and characterization of these samples are found in the
literature [A.8, A.9].

Figure A.l(a) shows the absorption cdefficient of the probe as a function of
probe wavelength for various pump intensities at T = 150 K. The spectrum labeled
0. which is taken in the absence of the pump beam, exhibits a pronounced exciton
peak around 450 nm, and Coulomb-enhanced continuum states at higher energies. In
the presence of the pump pulse, one observes a reduction of the exciton oscillator
strength and a small broadening on either side of the exciton. At higher pump
intensities the exciton gradually disappears. This effect is caused by screening of the
Coulomb potential by the pump-injected carriers. The change in the index of
refraction. An., can be obtained by making a Kramers-Kronig transformation of the
measured change in the absorption coefficient, Aa. Figure A.l(b) shows the
nonlinear index changes corresponding to measured absorption spectra. The
maximum An is approximately -0.025 at about 1/2Eg, 4 9 mev below the exciton
energy with & 2.5 kW/cm? pump intensity.

Similar measurements of Aa and An were taken at room temperature, as shown
in Figs. A.2(a) and A.2(b). The exciton resonance is broadened at this temperature
by phonon interaction. Again, screening of the exciton resonance is observed with
some collision broadening as the pump intensity is increased. The maximum An at
room temperature is -0.017 at about 1Eg, a 13 mev below the exciton energy with
a 16 kW/cm? pump intensity.

A.3 Discussion of Results

The experimental data were analyzed using recontly-developed plasma theory
{A.10]. This theory has been employed successfully to analyze experimental findings
for bulk GaAs [A.6] and CdS, Se, ,-doped glasses [A.l11]. It takes into account band
filling, screening of the Coulomb interaction. and density-dependent broadening of
resonances. The absorption coefficient is written as
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Figure A.1 Experimental and theoretical spectra of nonlinear absorption
and nonlinear refractive index for a 0.55-um ZnSe thin film at T = 150
K. (a) Experimental absorption spectra for various pump intensities: (0)
linear (no pump), (1) 2.5 kW/cm?, (2) 9 kW/cm?, (3) 23 kW/cm?, (4)
46.5 kW/cm*. (b) nonlinear refractive index changes corresponding to the
measured absorption spectra of (a). Curves 1-4 are obtained from a
Kramers-Kronig transformation of the corresponding experimental data
1-4 in (a). (c) Calculated absorption spectra for different electron-hole
pair  densities, N: (0) 1 x 10" em™®, (1) 5 x 10" ecm™3, (2)
I % 10" em™, (3) 2 x 10" em™%, (4) 3 x 10 em™S.  (d) Calculated
nonlinear refractive index changes, curves -4 are obtained [rom curves
1-4 in (c), respectively.

- w-u
a(w) = ¢ tanh [ KT ]

XZ |$\(r = 0) |3%,(hw - E, - E) . (A.1)
A

where ¢ is a constant proportional to the absolute square of the interband matrix

element, 4 = u, + u, is the total chemical potential of the excited electron-hole pair,
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Figure A.2  Experimental and theoretical spectra of the nonlinear
absorption and nonlinear refractive index for a 0.55-um ZnSe thin film at
room temperature. (a) experimental absorption spectra for various pump
intensities:  (0) no pump, (1) 16 kW/cm?, (2) 33 kW/cm?, (3) 76
kW/ecm*, and (4) 157 kW/cm®. (b) Nonlinear refractive index changes
corresponding to the measured absorption spectra; curves 1-4 are obtained
from curves [-4 in (a), respectively. (c) Calculated spectra for
different electron-hole pair densities, N: (0) 10 cm=3, (1) 9 x 10"
emS, (2) 1.5 x 10" em™%, (3) 3 x 10" em™®, and (4) 5 x 10" cm™>.
(d) Calculated nonlinear refractive index changes, curves 1-4 are obtained
from curves 1-4 in (c), respectively.

T is temperature, and ¢ (r) is the wave function for the relative motion of an
electron-hole pair (either bound. i.e., exciton, or unbound). ¢ (r) is the solution of

the Wannier equation

[. %v’ + V(r)] A () = Exdy(r) . (A.2)

where V(r) is the screened Coulomb potential and E, is the energy eigenvalue.
E;, - Eg - 8E; is the renormalized band-gap energy. with §E, being the shift of the

207




band gap to lower energies (band-gap renormalization due to intraband exchange and
correlation effects) and Eg the unrenormalized gap energy. The broadened & function
& (x) in Eq. (A.1) is a consequence of the conservation of energy. It is taken as a
broadened line shape function to simulate the Urbach tail of the excitons:

E
— R
al cosh(xEg /T) ° (A.3)

Sr(x) =
Here ' = T, + I'|N is the width of the line shape function. It has density-dependent
and density-independent terms, ', and [, respectively. with N being the injected
carrier density. N is related to the measured light intensity I, via the simple rate
equation (in steady state)

dN _ ofw.N) _
t fw

- o(w NIt

fw

—|Z

z

The hyperbolic tangent term in Eq. (A.1) is a consequence of the band filling, which
in turn increases transmission at lower energies. The increase in transmission is
attributable to the Pauli exclusion principle, which blocks interband tranmsitions for
filled states. Screening, which is incorporated in the potential energy V(r). reduces
the exciton oscillator strength, the exciton binding energy. wnd the Coulomb
enhancement of the continuum states.

Figure A.l(c) shows the calculated absorption spectra for various electron-hole
pair densities. N, at T = 150 K. The spectrum labeled (0), which is calculated for
N = | x 10" cm™3, represents the linear absorption. demonstrating that lower carrier
densities do not change the shape of the spectrum. The value of c in Eq. (A.1) i~
adjusted to reproduce the measured continuum absorption coefficient (for a frequency
range above the exciton resonance). The value cf [, = 0.4Eg also is adjusted to
reproduce the correct ratio of exciton peak absorption to continuum absorption. Once
these parameters are obtained for the linear spectrum, they are held fixed for the
rest of the calculation. The spectrum labeled (1) in Fig. A.l(c) is calculated for
N =5x 10 cm=. A value of I, = (2.5 x 10-!* cm™*)Eg was used to reproduce the
broadening observed at higher pump intensities. As the density of carriers is
increased, the exciton is screened and broadened, as shown in Fig. A.l(c). The
calculated nonlinear refractive index changes obtained from the spectra of Fig. A.3(c)
are plotted in Fig. A.l(d).
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Similar calculations have been performed at room temperature, and the results
are plotted in Figs. A.2(c) and A.2(c) for absorption and refractive index changes,
respectively. The parameters used are Iy = Eg and T} = (2.5 x 10~ cm™%)Eg. In
order to determine the relative importance of the effects of band filling, screening,
and broadenir}g in the measured nonlinear index, we may artificially turn off an
effect in the calculations and then compare the obtained magnitude and shape of the
nonlinear index with the measured quantities [A.12]. Analysis of the spectra at
room temperature (Fig. A.2) shows that the main contributions to the nonlinear index
are exciton screening and density-dependent broadening. Turning off the band filling
term produces spectra that closely resemble the measured spectra, indicating that band
filling effects are unimportant at the intensities employed. This result is in contrast
to room-temperature optical nonlinearities of bulk GaAs, in which approximately 50%
of the nonlinearity is attributed to band filling and 50% to screening {A.12]. This
contrast is attributable to the much larger exciton binding energy in ZnSe as
compared to that in GaAs. Band-filling effects usually have a dominant contribution
after the exciton has been ionized. In ZnSe, the Mott density at room temperature is
~ 4x 107 cm™ (it is = 2 x 107 cm™® for T = 150 K), so that at the highest
intensities used (N ~ 5 x 10 cm-%), the exciton is just ionized. Only at higher
densities does band filling begin to play a major role.

At lower temperaturés. the band filling term becomes even less important,
because the Fermi distributions become sharper. At T = 150 K, we see that the
major contribution to nonlinearity is screening of the exciton. Band-gap
renormalization at these densities does not play an important role; it becomes most
effective after the exciton has been completely ionized, i.e., after the band gap shifts
through the former exciton resonance. It must be emphasized that in contrast to most
previous results on ZnSe, thermal effects do not play a role in the observed spectra.
This is because the pulses are 3 ns long at a 10-Hz repetition rate.

A.4 Measurement of the Response Time of the Optical Nonlinearities in ZnSe

In the second set of experiments we measured the dynamics of the excitonic
nonlinearities using time-resolved pump-probe spectroscopy. Free carriers were
created by pumping above the ZnSe band edge with a 310-nm pump. The = 100-fs
pump pulse was obtained by frequency doubling the output from an amplified CPM
dye laser. The change in transmission (AT) at a single wavelength was monitored by
phase-sensitive detection of a continuum probe. The wavelength was tuned to the
peak of the exciton and AT was recorded as a function of delay between pump and
probe.
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The exciton recovery time was investigated as a function of sample thickness,
temperature, and pump intensity. The dependence on sample thickness at room
temperature is shown in Fig. A.3. The recovery time (r) was shorter for the thinner
samples. It ranged from 110 ps for the 0.68 um sample to 40 ps for the 0.23 um
sample, and probably results from enhanced surface recombination. r was also seen
to decrease as the temperature decreased. It decreased from 90 ps at room
temperature to S50 ps at 150 K for the 0.55-um thick sample. We tentatively
attribute this to the increased exciton oscillator strength at lower temperatures, which
leads to a shorter lifetime.

THICKNESS DEPENDENCE

|
\ ‘ .88 ym
\ i

Tramamission at Exciton Peek {A.U)

Figure A.3 Transmission at the exciton peak as a function of pump-
probe delay for various thicknesses of ZnSe thin films at room
temperature.

A5 Conclusions

We observed the optical nonlinearities of electronic origin in MBE grown ZnSe
thin films at room temperature and at low temperatures. The maximum value of the
nonlinear index, An/N, is & 1.8 x 10~'® cm™® at room temperature and 9 x 10=? at T
= 150 K. An/N at room temperature is comparable to that obtained in bulk GaAs
and GaAs/AlGaAs multiple quantum wells. The experimental results were compared
with a partly phenomenological plasma theory that takes into account the many-body
effects of exciton screening, band-gap renormalization, band filling, and broadening of
the tail states. Good agreement between experiment and theory is obtained.
Response times of the ZnSe thin films were also measured and values between
20-110 ps were obtained.
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APPENDIX B: INTRODUCTION TO DICHROMATED GELATIN (DCG)

RECORDING MATERIAL

B.1 Overview

The property of high-efficiency, low-distortion reconstruction makes volume

phase holograms more attractive than other classes of holograms. To take advantage

of this property, recording materials must have high spectral sensitivity and high

refractive index modulation and must be transparent to reconstructing radiation.

Hardened, dichromated gelatin produces a near-optimum medium for holography.

Holograms produced in this medium have the following properties:

1.

High efficiency. Holograms with reflection efficiencies of up to 99.99%
have oeen reported for a simple grating structure (B.1].

High signal-to-noise ratio, as scattering noise is minor.

High refractive index modulation, =2 0.01-0.08, with uniform spatial
frequency response of over 100-5300 lines/mm [10.37].

Ability to obtain multiple exposures, each with diffraction efficiencies (DE)
of %100%. on the same film.

A high damge threshold of | MW/cm?, which indicates that DCG is good
for high power operation [10.40].

Holograms in DCG also have some potential disadvantages:

Low photosensitivity, about 1000 times less sensitive than for photographic
emulsions. In addition, the photosensitivity decreases stongly as the
wavelength increases, limiting the exposure wavelength to the green or blue
spectral range.

High dynamic change of An, which limits the number of hologram being
recorded in the same material.

Strict requirements for processing emulsion, which makes readily usable,
high quality films unavailable.

No clear photochemical mechanism to explain DCG behavior during
processing [B.2]. The lack of such a mechanism has necessitated the
exploration of many different development procedures.

In addition, there is increasing interest in the use of a DCG holographic grating

for application in the red-to-near-IR regime. However, holograms recorded in the

visible range but reconstructed in the near-IR range will require th.icker gelatin
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emulsions, as indicated by Eq. (10.26), if optical performance comparable to that of
holograms reconstructed in the visible range is expected. The cast coating technique
has been effective for obtaining gelatin emulsions of uniform thickness [B.3]. Other
dye-sensitized techniques for DCG material may provide highly efficient gratings for
near-IR applications [B.4].

B.2 Physical Properties of DCG

DCG is a gelatin sensitized with ammonium dichromate, (NH,),Cr,0,, or with
potassium dichromate, K,Cr,0,. During exposure, light is absorbed to convert Cr+¢,
possibly to Cr*3, forming several intermediate chromium compounds. These
compounds are insoluble in water; however, the gelatin, unexposed or inefficiently
exposed, is soluble in water. The exposed film usually is developed in liquids that
cause the emulsion to swell and that wash out the unreacted dichromate; the
emulsion then is dehydrated to near its original thickness. Different exposure regions
are hardened to different degrees, causing periodic strain (because of two-plane-wave
interference, for example) during development. The exact mechanism by which the
change in refraction index, An, takes place is a subject of intense debate. It is
likely that air-filled voids of varying density are formed near the unhardened gelatin
chains, resulting in a difference in refractive index between the gelatin and the
voids. It is this difference which allows the formation of high-efficiency holograms.

Normal chemical processing of photographic emulsion usually results in
shrinkage of the emulsion. The shrinkage may be attributable to varying quantities
of liquid in the gelatin or to chemical effects such as hardening. In general,
emulsion shrinkage will distort the recorded grating spacings, as in the case of
multiple gratings. Each grating will have a different angular change, resulting in
reduced DE and/or in distortion of the reconstructing beam. Moreover, emulsion
shrinkage is far more significant for reflection-type holograms than for transmission-
type holograms, as grating planes for reflection type are parallel to the emulsion
surface. For more details on variations in the thickness of Kodak 649F caused by
chemical processing, one can refer to Meyerhofer’'s work [B.2]. To reduce these
undesirable effects in a transmission hologram, in recording the hologram it is best
that the grating planes be normal to the emulsion surface (¢=r/2), that is, it is best to
use unslanted gratings.

Emulsion readily swells during processing, but all of the moisture (or excess
chemicals) in the emulsion is not removed during dehydration with isopropanol. In
addition, the amount of swelling is not uniform over the entire emulsion. For
example, swelling in the center of film is 25% greater than that near the edges [B.5].
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Therefore, reconstruction angles will not be the same over the entire emulsion. One
solution to this problem is to bake the emulsion at an elevated temperature to drive
out residual moisture. Unless baking temperature and baking time are optimized.
however, DE will decrease with the reduction in grating thickness.

It appears that the refractive index of DCG depends on its water content, a
property not fully under control because drying occurs continuously. However, it is
believed that the refractive index modulation is caused by the rearrangement of
gelatin molecule chains during development; this rearrangement in turn is the result
of the hardness differential [10.37). The refractive index change. An, in Eq. (10.26)
can be described as

An = K kygkp-Ah (B.1)

where kp = (W-W,)/W,, measured as a percentage increase in weight, a swelling
factor after sensitization, with W, the weight of a dry film and W the weight of a
swollen gelatin layer; k.4 is a swelling factor for water development; ki is a
constant gain factor (= S) which takes into account the amplification of An in the
dehydration process; and Ah = (h,-h,) is the difference in hardness between exposed
and unexposed regions.

B.3 Fabrication Procedures
B.3.1 Background

The fabrication procedure described below is based on the method developed by
T. G. Georgekutty and H. K. Liu [B.6] whose work is similar to that of
C. D. Leonard and B. D. Guenther [B.5]. Our experiments show different
efficiency-to-exposure characteristic curves, however. Some development steps
described in the procedure were derived solely from our experiments and
coincidently were very similar to those reported by Leonard and Guenther [B.7].

Our simplified method has the followinug advantages:

(a) Without index matching., a high DE of 86% at A\ = 514.5 nm was consistently
achieved with a moderate processing time 2= 1.5 hour, compared to conventional
methods which take & 12 hour.

(b) The light energy density required for the exposure to achieve maximum
efficiency is approximately 30-45 mJ/cm? about five times less than reported by
Georgekutty and Liu [B.6] and by Lin [B.8].

() No noticeable difference was observed in DE for fabrication with tap water
(pH = 6.97) as opposed to fabrication with distilled water.

(d) Lower susceptibility to relative humidity was observed.
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Numerous trials over an extended period led to the following procedure.
Further optimization to give a higher DE might be possible, for example, through
index-matching techniques.

B.3.2 Fabrication of DCG HOEs with Kodak 649F Plates: A Simplified Method
I. Preprocessing (under room light)
P1 Soak DCG sample in Kodak Rapid Fixer with standard hardener
concentration (3.25%) for 10-15 min.
P2 Wash in running water (20 C°-25 C% for at least 15 min.
P3 Soak in hot water at 63t2 C° for 10 min.

2. Sensitization (under dim red light)
Si Soak sample in 10% ammonium dichromate solution (with 1% Kodak
Photo-Flo 200) in a flat pan with the emulsion side up for 5 min.
S2 Remove residual ammonium dichromate from the glass side by first
wet-wiping and then dry-wiping.
S3 Bake at 71210 C° for S5-10 min.; hold sensitized plates in darkness for

3-24 hrs.
3. Exposure
4. Development (under dim red light for steps DI and D2, then under room light)
D1 Soak sample in 0.5% solution of ammonium dichromate for 5 min.

D2 Soak in Kodak Rapid Fixer with standard hardener concentration
(3.25%) for 5 min.

D3 Wash in running water for 10 min.

D4 Dehydrate in a 50:59 or 60:40 isopropanol/distilled water solution for 3
min.; wipe off residuals from the glass side and edges.

D5 Dehydrate in 100% isopropanol for 3 min., agitating vigorously (this
step is critical).

Dé6 Bake at 71210 C° for 10 min. after wipe.

5. Assembly
Al Bake sample for 1 hour at 71t10 C°
A2 Mix 5 cc. cement with one drop of catalyst.
A3 Cement glass plates together and hold for 2 hours.
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B.4 Notes of Interest for DCG Processing:

Experiments indicate that to ensure consistent results control of processing
time and temperature is crucial. Soaking the sample in water of
temperatures >65 C° and/or for longer than 10 min. (step P3) cannot yield
samples of sufficiently high DE, possibly because of dissociation of the
gelatin emulsion.

The plate should be constantly agitated during preprocessing. sensitization,
and development. Agitation helps ensure fabrication of holograms with less
noise.

No significant difference in results  was observed whether tap water or
deionized water was used in soaking/washing steps.

The performance of Kodak 649F has been shown to vary according to
batch and/or age.

Solutions should be discarded after one day of use (exceptions are the
50:50 alcohol/water solution and 100% isopropanol solution.

Holograms are insensitive to relative humidities of up to 70-80% after
proper baking, which demonstrates good environmental stability.

A good way to protect holograms .from moisture penetration is to cement a
cover glass to the hologram with a transparent epoxy or an optical glue
(e.g.. Norland 11). No noticeable drop in DE was observed after
cementing.

If plates are exposed too soon after sensitization, extra scattering noise in
the developed hologram is observed. If the sensitized plates are held too
long before exposure, they begin to lose sensitivity. A tradeoff is to keep
DCG in darkness for about 3-24 hours after preprocessing. Prehardness,
hence the refractive index modulation, will be increased due to dark
reaction.

The correct exposure for maximum DE depends on the percentage of
refractive index modulation required and on the concentration of
ammonium dichromate. Test exposures should be run to ensure optimum
performance. @ We suggest a 50 mJ/cm? exposure and an ammonium
dichromate concentration of 5%.

The concentration of ammonium dichromate controls the exposure time and
the Bragg angle shift; the amount of hardener controls the DE and
scattering noise.

If a plate is milky white in appearance after development, it could be that
the solution concentration at step DI and/or the drying time at step S3 are
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not appropriate, and/or the hardening time at step P! is insufficient.
However, if the drying temperature is too high, the gelatin can be scorched
and become opaque; this occurrence is easily observed under dim red light
in subsequent steps.

* Multiple internal reflections inside the emulsion will interfere with incident
beams during the recording process. creating unwanted secondary holograms
which are quite stable and which can decrease the DE by up to 50%. An
index-matching technique can be applied to reduce this effect.

B.5 Safety Guide
Ammonium dichromate has the form of bright orange crystals or power. It is
odorless and stable at room temperature. Ammonium dichromate is a strong oxidizer
and can react violently with easily oxidizable substances such as paper, wood, and
textiles. Prolonged or repeated inhalation of dichromate dust may result in ulceration
and perforation of the nasal septum. Although ammonium dichromate has been
identified as a "noncarcinogenic chromium"”. chromium compounds are assumed to be
carcinogenic to humans.
Following are important health considerations for persons working with with
ammonium dichromate.
1. Avoid generation of dust.
2. Use protective equipment to prevent skin and eye contact and to prevent
inhalation of ammonium dichromate dust.
3. Ammonium dichromate solution may require disposal as hazardous waste.
Call risk management department for help.
4. General and local exhaust ventilation is required.
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APPENDIX C: Conclusions Section of the (988 PhD dissertation of George
Gigioli, Jr. entitled “Optimization and Tolerancing of Nonlinear
Fabry-Perot Etalons for Optical Computing”

[Gigioli treats a circuit consisting of identical gates for each of four modes of logic
gate operation: transmission mode threshold logic (TMTL). transmission mode latching
iogic (TMLL), reflection mode threshold logic (RMTL), and reflection mode latching
logic (RMLL). He assumes a Kerr nonlinearity. His pessimistic conclusions about
steady-state, one-wavelength logic would probably be the same for the carrier-
density-dependent nonlinearity of GaAs. The conclusions are much less clear for
NOR-gate operation of a GaAs etalon.]

What started out to be the groundwork for a systematic approach to the design
of a nonlinear Fabry-Perot etalon for use as a digital optical switching device turned
out to be a denial of its feasibility. While the analysis falls short of a formal proof,
the conclusions are well supported by the evidence presented in the examples. In
this final chapter, this evidence is recapitulated through a summary of the conclusions
reached in the other chapters, and the means by which they were reached. Because
of the negative nature of the results obtained, care is taken here to reiterate the
limits of validity of the analysis, so that the conclusions are not inappropriately
assumed in areas where they do not apply.

In Chapter Three it was shown how a mathematical model of a nonlinear etalon
can form the basis of an optimization procedure for the etalon. Inasmuch as the
model accurately predicts its behavior, a nonlizcar ataloa caa bYe opiimized with
respect to several of its transfer function parameters. The procedure involves
constructing a merit function in which each parameter is represented mathematically
by a term in the function. An optimized design is one for which the merit function
is maximized. Since each of the parameters pushes this maximum in a different
direction, the optimization of the etalon becomes a tradeoff among the optimizations
of individual characteristics of the device. The relative importance of these
characteristics to the overall design is the basis for choosing the weightings of the
terms in the merit function (they obviously needn‘t all be weighted equally).

The particular design which is chosen as a result of this optimization really
depends on how the terms of the merit function are constructed. In the example
merit functions of Chapter Three, this translates into the acceptance limits that were
placed on the device characteristics (e.g.., maximum threshold intensity, minimum
contrast, etc.), and the choice of parameter for which the initial detuning was chosen.
In the example, the detuning was chosen to maximize the contrast, but it could just
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as well have been chosen to minimize the threshold intensity, which would have
yielded a different design. Other important considerations in the optimization are the
design constraints. If the optimization is overconstrained, the result will be
ambiguous. as was shown for the transmission-mode case when al was equal to 0.3.

Because the merit function terms are based on the mathematical model of the
etalon, the optimization strictly applies only to devices that are described by the
equations of Chapter Two. Some of these include ZnS and ZnSe interference filters,
and semiconductor devices operating far from any electronic resonances. It does not
apply to devices operating near resonance, in which the nonlinearity is a result of
interaction with an exciton, band filling effects. or increasing absorption effects. In
such devices, there are additional degrees of freedom which have not been included
in this model, and which may lead to different solutions and different device
tolerances.

It should be noted that the merit function maxima found in Chapter Three are
not global maxima, since only one parameter of the device is used to pick the
optimum initial detuning. The initial detuning could have been chosen with all
performance parameters in mind; however, it was felt that, from the point cf view of
device performance, the contrast was the single most important parameter. For this
reason, the detuning at each point in Rgp-Rp space was chosen to maximize this.
(RF and Rp are the reflectivities of the front and back mirrors.] The other
parameters were used to locate the merit function maximum with respect to the
mirror reflectances.

In Chapter Four, it was found that, regardless of which logic mode is chosen,
the transfer function tolerances are quite small--on the order of | to 1-1/2%.
depending on the fan in and fan out assumed. That one type of logic mode has no
particular advantage over any other, as far as tolerances are concerned. suggests that
the tight tolerances are not a result of the particular shapes of the switching
functions but rather of the fact that the signal contrast is low and that signal errors
propagate. Based on this, it would seem not to matter whether or not the global
maximum of the merit function were found since the tolerances would not be greatly
improved.

Unlike the optimization procedure, the tolerance analysis can be applied to other
types of devices, since it does not depend on the device model given in Chapter
Two. All that is necessary is that the transfer function be approximated by two
straight lines. Of course, in order to translate the resulting transfer function
tolerances into cavity-parameter tolerances, some model of the device response must
be used.
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The major problem with the analysis of Chapter Four is that the approximations
are weak. The actual transfer functions depart significantly from the straight-line
approximations, yet the tolerances derived are around 1%. Unfortunately,
approximating the curves more closely by using higher-order functions further
complicates the analysis to the point of intractability. The equations are complicated
enough with linear approximations. Besides, it is reasonable to suspect that closer
approximations will cnly make the tolerances tighter since, in a sense, some of the
tolerance is used up by the nonlinearity of the approximating curve. In this light,
the analysis seems optimistic.

In Chapter Five. the transfer-function tolerances were translated back into
cavity-parameter tolerances using the model of Chapter Two. [t was found that the
cavity-parameter tolerances are unrealistic for large-scale fabrication of gates. One
may then coaclude that digital optical computing with nonlinear Fabry-Perot etalons
is unfeasible. All four logic modes are about equally unfavorable, with reflection
mode latching logic being slightly worse than the others. This is largely due to the
narrow bistable region of the transfer curve which, in effect, squeezes in the
tolerances.

The estimates of errors in the transfer function due to perturbations in the
cavity parameters are subject to the linear approximations to the transfer functions,
so the derived parameter tolerances are really only within an order of magnitude of
the true -tolerances. Nonetheless, this order of magnitude is quite small compared to
the tolerances of around 10%, that would make the devices producible. If they had
been closer, the results may have been disputed, based on the level of approximation.
The error budget allocates equal error contributions to each of the parameters;
however, since some parameters tend to vary more than others, they require
proportionally larger tolerances. The tolerances may be improved slightly by allowing
more sensilive parameters to have a wider variation. Again, this is not expected to
make a large improvement in the tolerances of the devices.

In 'general. even though some of the approximations are coarse, and some
assumptions questionable, the final conclusion regarding the feasibility is valid for
these types of devices. A similar analysis should be performed for devices that do |
not follow the model of Chapter Two but that are being proposed for use as digital
optical logic elements. Some of these (such as SEEDs and two-wavelength NOR-gate
etalons) will probably not be as sensitive to detuning variations as the devices studied
here; however, no estimates on the tolerances of these devices are conjectured here.

Optically bistable devices which operate near an electronic resonance are not
described by the model of Chapter Two, so the optimization procedure of Chapter
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Three does not app.y to them. In particular, since the nonlinear index and the
absorption both depend on the internal intensity and are not described simply .by an
n)-type coefficient, there are more degrees of freedom with which to influence the
optimization. On the other hand, since both the nonlinear index and absorption are
dependent on the detuning of the radiation frequency from the electronic resonance
(not to be confused with the detuning of the radiation from the cavity resonance or
initial detuning as it has been referred to in this dissertation), immediately there are
more material parameters to account for in the tolerance analysis. For this reason
alone, it is suspected that the tolerances for these types of devices will not prove to
be any more favorable than the ones analyzed here.

Nonlinear etalon devices may still te useful for other types of computing
applications such as analog systems and neural networks in which the etalon is not
operating in bistable mode and in which errors in the transfer curves are more
tolerable. Also, they may be useful in digital systems that require only a small
number of threshold devices with the bulk of the computation being handled by
appropriate interconnections between gates ("wired OR" logic), or in hybrid systems
in which signals might be converted back and forth between optical and electronic so
that signal errors do not propagate. Hopefully, the optimization procedure developed
herein can be applied to these types of device applications.

In closing, the results presented here may explain the scarcity in the literature
of descriptions or demonstrations of medium- to large-scale switching circuits based
on nonlinear Fabry-Perot etalon gates. It is surprising, however, that an analysis
such as this had not been performed earlier. Hopefully. these results will prompt
others to perform similar studies on other types of optical switching devices in order
to determine whether large-scale digital computing systems are possible before trying
to build them and make them work.
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